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SYNOPSIS

The production of high density aviation turbine fuels from reliable, domestic fossil fuel
resources is of considerable importance to the United States Air Force. The initial benchmark high
density aviation turbine fucl which led to establishment of the various United States Air Force
rescarch programs was the high density Soviet aviation turbine fuel acquired during the mid 1970s.
Detailed analysis of this fucl indicated an average molecular structure consisting of a two-ring
naphthene containing four substituent methyl groups. The average empirical formula of this high
'Cnsity Tuel was determined to be:

(CHy)3.48 (CH)y 72 (Caz)a.oy

The production of turbine fucls of this average structure can be achicved by a number of
alternative process sequences, for example, shape sclective cracking of normal paraffins {from an
appropriate boiling range Iraction of a naphthenic crude; saturation of an aromatic FCC cycle stock
ol the appropriate boiling range: saturation of an appropriatc boiling range fraction from a
hvdrocracker reeyele stream when the feed to the hydrotreater is aromatic in nature; synthesis of
the appropriate boiling range aromatic species [rom oxygenates over crystalline aluminosilicates
followed by hydrogenation ol the aromatic specics; and  direct synthesis of the aromatic

hyvdrocarbons from hvdrogen and carbon monoxide over crystalline aluminosilicate-supported metal

catalysts followed by hydrogenation of the aromatic specices. | Aocession Yoz
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A rescarch program (contract number F33615-85-C-2567) aimed at developing catalyst and
processing concepts for the production of high density aviation turbine fuels via novel zeolite

catalyst routes was initiated in the Department of Fuels Engineering at the University of Utah

during November of 1985.
The original, primary objectives of the program were as follows:
1. to design and fabricatc an automated laboratory catalyst testing unit capable of
continuous operation and of conducting catalyst screening/evaluation studies and

process variable/catalyst aging investigations;

19

sclective synthesis of methyl-substituted mono- and dicyclic aromatic hydrocarbons

in the aviation turbine fucl boiling range;

Y]

hydrogenation of alkyl-substitutcd mono- and dicyclic aromatic hydrocarbons and
sclected aromatic l’ccdslocks to the corresponding mono- and dicyclic naphthenes
in the aviation turbine fucl boiling range; and

4. to conduct an exhaustive survey of the technical and patent literature related to the

specilic rescarch tasks to be performed under this contract.

The aromatics hydrogenation studices were deemphasized at the instruction of the Technical
Project Officer since it was determined that those aspects of the Air Force high density aviation
turbine fuel rescarch problem could be accomplished under other sponsored rescarch programs,
whereas the zeolite work could only be accomplished as part of the University of Utah program.

The accomplishments of the program through the termination of United States Air Force
lunding included the following:

. The  procedures  for  the reproducible laboratory synthesis of crystalline

aluminosilicates of the ZSM class of zcolites were developed and proven.




ZSM-5 (mcthyl-substitutcd monoaromatics hydrocarbon sclectivity) was successfully
prepared and characterized in the laboratory. Selectivity and activity data for the
conversion of alcohol feedstocks were obtained.

ZSM-48 (low molccular weight olefin selectivity) was successfully prepared and
charactcrized in the laboratory.  Sclectivity and activity data for the conversion of
methanol were obtained.

A processing scheme involving the utilization of both ZSM-48 and ZSM-5 was
devised for the production of methyl-substituted dicyclic aromatic hydrocarbons and
preliminary evaluation of the process concept was carried out in the catalyst testing
unit.

The catalyst testing unit was designed, constructed, and used in the evaluation of
catalysts and processing schemes.

A BET surfacc arca apparatus was designed and fabricated.  The operating
procedures were developed and tested for a variety of high surface arca oxide
matcrials and zcolites, including the ZSM class of zeolitcs.

A literature survey databasc and retricval system were developed and the assembly

of pertinent citations was initiated.




Subscquent to the termination of funding by the United States Air Force an attempt was
madc to complete the studies in part by using other sources of funding; in particular, unrestricted
development funds and grants from industrial research laboratories were used to complete the
disscrtation studies of Dr. H.P. Wang and thc thesis studics of Mr. D.C. Lbngstaff. Unfortunately,
it was not possible to complete all aspects of an anticipated three year research program with
limitcd private sector funds available in the sccond and third years of the program. Hydrodewaxing
studics were incorporated into the program and completed after the discontinuance of the United
States Air Force Funding.

The project status and the results of the various clements of the original and expanded

rescarch program are discussed in detail in the body of the report.
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Section I: INTRODUCTION

Aviation turbine fuels have been traditionally manufactured by distillation of petroleum
crudes followed by mild hydrogen treatment to remove organic sulfur and nitrogen species and to
impart thermal stability to the fucl. In order to significantly increase the range of volume limited
military aircraft, thc United States Air Force has contemplated changing over to higher density
aviation turbine fuels. The incrcased range results from increasing the specific gravity of aviation
turbine fuels, and, thus, the volumctric heating value as illustrated in Figure 1. Higher density
aviation turbine fuels can be producced by expanding the boiling range of the fuel by raising the
endpoint; however, increasing the availability of higher density jet {uels through the adjustment of
distillation boiling ranges may be limited not only by existing specifications with rcgard to freeze
point but also by the demand for the same boiling range fraction to producc other products.

The past 15 years have revealed the vulnerability of the United States liquid fuels markets
to international cvents. Events beyond the control or influcnce of the United States have altered
the uniform course of domestic cconomic progress by influencing the availability and cost of
traditional encrgy sources. Thus, it would be desirable to develop stable, domestic sources of the

high density aviation turbine fucls.

Aviation Turbine Fuels

Fucls developed for aviation turbine applications must mcct certain  established
specilications.  Many of these specifications can be met by the addition of specific compounds or
additives to the fucl in low concentrations. However, there are some spccifications that cannot be

cconomically met by blending additives and can only be met by adjusting the boiling range of the

fucl.
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A number of the typical specifications for civilian and military jet fuels are listed in Table
1. An indication of the mecans by which these and other specifications can be met are listed in
Table 2; that is, by blending an additive with the straight run fuel or by selecting the proper
distillation fraction from an appropriatc crude oil.1

The most critical specifications arc those on freeze point, vapor pressure, and aromatics.
Fuels for aviation turbines arc usually produced from straight run distillation cuts rather than from
cracked stocks to meet the specifications on aromatics and olefins. The specification on viscosity
is important, but it is only important for very low freeze point fucls which operate at temperatures
below 213 K (-60°C). Gencrally, the low temperature propertics of a fucl are defined according
to us freeze point, rather than its low temperature viscosity.

Aromatics concentrations must be less than 20 volumc pcrccnt2

becausc high aromatic fuels
produce smoke which cxcessively hcats jet engine components. There exists an added complication
for military aircraft rclated to the visible contrail bechind the plane, duc to the smoke produced
{rom thc combustion of aromatics. Soot in the cxhaust gas also makcs the jet morc vulnerable to
heat secking missiles, duc to the higher luminosity of the turbine exhaust gases.

The freeze points of conventional jet fuels range from 233 K to 213 K (-40 to -60°C). If
the composition of an aviation turbinc fucl is such that the frecze point is too high, then paraffin
crystals may form in the fucl stored in the unhcated, on-board fuel tanks. These paraffin crystals
can deposit in fucl filters and may damage fuel pump components.

Vapor pressure must be low for safety and conscrvation rcasons. However, the vapor

pressurc must not be too low to avoid aircraft cold starting problems. This is particularly crucial

for military jets which arc somctimes parked on extremely cold runways.2




Table 1

Selected Specifications for Aviation Turbine Fuels>

Turbine Fuel
Property

Civilian_Fuels

Jet A Jet B

Military Fuels

JpP-4 Jr-5 JP-8

Density ( g/cm3)

Freeze Point
(maximum, °F)

Flash Point
(mimimum, °F)

Aromatics
(maximum, vol%)

Sulfur
(maximum, wt%)

H2 Content
(minimum, wt%)

Heat Content
(MJ/kg, minimum)

Stability
Test Temperature
(minimum, °f)

0.78-0.84 0.75-0.80

-40 -50
100 NA

20 20
03 03
NA NA
42.8 42.8
473 473

0.75-0.85 0.78-0.85 0.78-0.84

.58 -46 -50
NA 140 100
25 25 25
0.4 04 0.4
13.6 13.5 13.6
428 426 42.8
500 500 500




Table 2

Aviation Turbine Fuel Specifications

Specification Key
Low Aromatic Contcnt c
Low Freeze Point ¢, d
Low Vapor Pressurc c, d
Stability (olefin content) c, t, a
Sulfur Content c.t a
Low Tempcraturc Viscosity ¢ d
Watcr Solubility a

Elcctrical Conductivity

a

Key

a - specification can be met by biending of an additive.

¢ - specification can be met by choice of crude

d - specification can be met by choosing the proper distillation cut

t - specification can be met by chemical treatment of jet fucl




The stability specification for jet fuels requires that the olefin content of the fuel be less
than one or two percent. Even though jet fuels are stored in unheated tanks in aircraft, they are
used as a coolant for jet engine lubricating oil and the fuel may reach a temperature of 573 K
(300°C) or higher in the injection nozzle. For this rcason the olefin content must be kept low to
avoid polymerization of the olefins and gum formation which can eventually plug some of the fuel
injection nozzles.

Aviation turbine fuels need to be low in sulfur and metals because metal sulfates formed
in the combustion process can corrode jet engine components. Fucls that contain too much sulfur
can be lightly hydrotreated to remove mercaptan sulfur, thus lowering the sulfur content.

Glycol cther is added to the fuels to increase the solubility of water which may condense
or Ireeze in cold fuel tanks. A biocide is also added to restrict the growth of microorganisms at
walcr-hydrocarbon interfaces. This is necessary because microorganisms growing in fuel tanks may
form an organic sludge which can plug fuel filters.

Jet fuels can develop static electrical charges during handling and transfer of the fuel from
storage tanks to the on-board fucl tanks. If static clectrical charges are not dissipated, an electrical
arc may occur bctween the fuel and an electrical ground, thus igniting the fuel vapors.
Conscquently additives arc placed in the fuel to increase its clectrical cdnductivity and to
circumvent the build-up of static charge.

The requirement for a low freeze point and low volatility is a dilemma for producers of jet
{ucls. Only specific cuts of kcrosene boiling range materials from specific crudes (which may be
of limitcd availability) can satisfy this dual requirement. Economic considerations dictate that such

cuts bc either untreated or only lightly hydrogenated to remove nitrogen, sulfur, and olefins.




The requirement that the concentrations of aromatics, olefins, and paraffins be below
certain levels limits the possible crudes available for the production of jet fuels to those crudes
which have high naphthene content in the 423-523 K (150-250°C) boiling range. These restrictions
raisc the possibility that the Unitcd Statcs could be vulncrable to crude oil supply disruptions
during a war involving OPEC oil supplies or an oil embargo. Onc objective of aviation turbine fuel
research and development activitics is to produce a naphthenic jet fucl with a normal paraffin
content which is low enough so that the freeze point specification will be met. A second objective

is to produce these fucls from sccure, domestic resources.

Possible Processing Schemes for the Production of
High Density Aviation Turbine Fuels

The production of high density aviation turbine fuels can be accomplished by a number of

conventional processing schemes®?

as well as by several unconventional schemes. The processing
schemes which make use of commercially practiced concepts include the following: shape sclective
cracking of normal paraffins from an appropriate boiling range fraction of a naphthenic crude;
saturation of an aromatic FCC cycle stock of the appropriate boiling range; and saturation of an
appropriatc boiling range fraction from a hydrocracker rccycle strcam when the fced to the
hydrotrcater is aromatic in naturc. The unconventional processing schemes include synthesis of the
appropriate boiling range aromatic specics from oxygenates over crystalline aluminosilicates followed
by hydrogenation of the aromatic species; and dircct synthesis of the aromatic hydrocarbons from

hydrogen and carbon monoxide over crystalline aluminosilicate-supported metal catalysts followed

by hydrogenation of thc aromatic specics.




Hydrogenation of Aromatic Refining Feed Streams

The production of high density aviation turbine fuels could be achieved by the
hydrogenation of aromatic FCC cycle stocks? (Figure 2); that is, a naphthenic, high density aviation
turbine fuel could be produced from an expanded boiling range jet fucl fraction produced from
aromatic pctrolcum crude oils that have been reacted over conventional fluid zeolite cracking
catalysts. The aromatic jet fuel fraction obtaincd from an FCC liquid recycle s*:2am should be
mostly methyl substituted aromatic hydrocarbons which, upon hydrogenation of the aromatic core
over a supported noblc metal catalyst, would be an excellent high density turbine fuel candidate.
The hydrogenation step would also saturate the olefin species and reduce the sulfur and nitrogen

heteroatom concentration to comply with the specifications.

Removal of Normal Paraffins from Nuphthenic Refinery Feed Streams

An altcrnate route for the production of high density aviation turbine fucls would be the
removal of normal and slightly branched paraffins from an cxpanded boiling range jet fucl fraction
from a naphthenic crude oil or from the sccond stage recycle stream of a hydrocracker processing
an aromatic feed stock composited from various refincry process strcams such as coker gas oils,

FCC cycle stocks, and/or primary or sccondary furfural cxtracts.

Solvent Extruction

Normal paratfins could be removed by solvent dewaxing from waxy naphthenic distillation
cuts of the proper boiling range. Solvent dewaxing consists of chilling the material to be dewaxed
in the presence of a solvent to remove normal parafﬁns.6 This process is a step in the

manufacturc of conventional low pour point lube oils and could be used to sclectively remove




$39038 3[24) D)4 OFIvwoly jJo uolleuadoipiy
1engd 2ufqan], UOFIBTAY AIFsuag YSTH 031 23In0oy [eUOTIUIAUO) pasodoig *7 2an3yg

saadg
dewory

pajnsqng M01S 3PAD DD + 1, 059

1w
10peay
uopeuddouaply

do 089 - 00€ )

uolel

moj,
uopeyusiq

do 059 - 00€
uoioer]

1ang 33( 10133 1ang33f

Lsuag ySiyg D A— ¢ 4—

swayyden
<«

\_/ T \_/

un
204

A

J

poag

Y 204




normal paraffins from these expanded boiling range fractions to reduce the freeze point to meet
the fuel specification. The normal paraffins precipitate and the crystals are removed by filtration.
This process is expensive due to refrigeration costs.” In the case of dewaxing jet fuels this prbcess
would be particularly expensive duc to the lower crystallization temperatures of paraffins in the jet

fucl boiling range.

Shape Selective Catalytic Dewaxing

An alternative to solvent dewaxing is shape sclective cracking of the normal paraffins in an
cxpanded boiling range waxy naphthenic petroleum distillate. The expansion of the boiling range
results 1in an incrcased freeze point, a larger average ring structure, and a higher density in the jet
tucl Iraction. The shape selective cracking catalyst will selectivcly convert the normal paraffins and
slightly substituted paraffins to the light and intermediate naphtha boiling rangc resulting in a

reduction of the freeze point. Catalysts suitable for this application include the acid form of ZSM-

58-10 11

and platinum supported on H-Mordenite.

This process concept can be applied to straight run naphthenic crude oils (Figure 3) or to
hydrocracker jet fuel fractions (Figurc 4). The cracked naphtha is then distilled to the original
initial boiling point of the uncracked fecd. If the wax is completely converted to cracked products,
only naphthene molccules will remain in the boiling range of the original feed, which would then
be suitable as a jet fucl. It is not likely that 100 percent conversion of the normal paraffins will

nced to be accomplished for the product to meet jet fucl specifications.

10
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This method of low freeze point jet fuel production requires a shape selective cracking
catalyst which will permit normal paraffin and slightly branched molecules to diffuse to active
cracking sites but still restrict the diffusion of naphthenic molecules to the active sites. Certain

zeolite catalysts such as ZSM-5 cxhibit thc appropriatc shape selective behavior. 12

Shape Selective Formation of Aromatic llydrocarbons, Followed
by Hydrogenation to the Corresponding Naphthene

An unconventional route to the production of high density aviation turbine fuels involves
the usc of shape sclective catalysts to form the appropriatc methyl-substituted aromatic
hydrocarbons from oxygenates, followed by hydrogenation of the aromatic core to produce the
corresponding naphthene.  If feasible, this concept could provide a secure, albeit expensive,
domestic source of high density fucls, since the oxygenates can be produced from domestic coal
resources via commercially practiced Fischer-Tropsch technology. A schematic of the concept is
presented in Figure S.

A primary objcctive of this rescarch project was to evaluate the potential of this concept

for the production of high density [ucls with an emphasis on the aromatic formation reactor system.

13
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Section II: ANALYSIS OF AVIATION TURBINE FUEL SAMPLES
Research Personnel: Chia J. Wang
Graduate Student

Hong P. Wang
Graduate Student

Francis V. Hanson
Associate Professor
The initiation of a research program at the University of Utah aimed at producing high
density aviation turbinc fucls required the development of a data base on aviation turbine fuel
propertics.  This was accomplished by analyzing a scrics of samples provided by the Air Force
Wright Acronautical Laboratories at Wright-Patterson Air Force Base. The samples included three
petrolcum-derived fucls, JP-4, JP-5, and JP-8, and a shale oil derived fucl, JP-4. Three samples
of a pyrolysis oil product were also included in the analysis program. Since the objective of the
rescarch program was to develop catalyst and processing concepts Icading to the production of high
density aviation turbine fucls, a high density fucl was also incorporated into the analytical program.
A sccondary objective of the analysis studics was to evaluate the analytical capabilities of the
Laboratory of Coal Scicnce, Synthetic Fucls and Catalysis at the University of Utah. The samples
provided by the Air Force Wright Acronautical Laboratories arc identified in Tablc 3. In addition,
a sample of an aromatic solvent, 2040 solvent, was analyzecd as a potential feedstock for the
production of high dcensity aviation turbine fucl by hydrogenation of the aromatic rings.
The analyses performed on the aviation turbine fuel samples, the pyrolysis oils, and the
aromatic solvent includcd both physical and chemical properties, as well as spectroscopic

charactcrization in the casc of the high density fuel:

15




Table 3

Identification of Aviation Turbine Fuel Samples

USAF Sample Sample Quantity
Code Identification (Quarts) Color
82-POSF-1028 Soviet MIG 25 1 Clear
Jet Fuel

82-POSF-0541 JP-4 2. Faint
(Pctrolcum Dcrived) Yellow

83-POSF-1431 JP-4 3 Clear
(Shale Oil Derived)

33-POSF-1030 JP-5 2 Ycliow
(Petrolcum Derived)

83-POSF-0462 JP-8 2 Clcar
(Petroleum Derived)

82-POSF-0162 Pyrolysis Oil (2%)3 1 Slightly Yellow

83-POSF-0801 Pyrolysis Oil (30%)b 1 Yellow

84-POSF-1949 Pyrolysis Oil® 1 Yellow

4 2% aromatic hydrocarbons
* 30% aromatic hydrocarbons
¢ 500°F minus cut of 82-POSF-0162 (HDI)

16




specific gravity
viscosity (as a function of temperature)
flash point
fire point
simulated distillation
heat of combustion
elemental analysis

carbon

hydrogen

sulfur

nitrogen
. infrared spectra

molecular weight

. nuclear magnetic resonance
proton
carbon 13

The specific gravitics were detcrmined using a vibrating U-tube density meter.  The
viscositics were measured as a function of temperature using the Wells-Brookfield Model LVT
Micro-viscometer.  The pour point, flash point, fire point, and the heat of combustion were
determined according to the accepted ASTM mecthods. The clemental analyses and the molecular
weights were determined by Galbraith Laboratories of Knoxville, Tennessce. The infrared spectra
and nuclcar magnctic resonance analysis were performed in the Chemistry Department at the
University of Utah.

Simulated distillation data were obtained using a Hewlett-Packard Model 5830A gas
chromatograph equipped with a dual flame-ionization detector. The packing matcrial was 3 percent

Dexsil 300 on Anakrom Q.

Analysis of the Iligh Density Aviation Turbine Fuel

The high density Sovict aviation turbine fucl was analyzed to provide a basis for the

rescarch and development studics on high density fucls. Duplicate tests were performed in each

17




instancc to evaluate and monitor our analytical proccdures and to determine the reproducibility of
the procedures.

The physical inspections are presented in Table 4, and the simulated distillation analysis is
presented in Table 5 and Figure 6. The chromatogram for the high density Soviet jet fuel is
reproduced in Figure 7. The clemental analysis and the molecular weight are presented in Table
6. The viscosity is plotted as a function of the inverse tcmperature in Figure 8.

The Soviet jet fuel had an API gravity of 36.3° API, a pour point of -103°F, a flash point
of 175-180°F, and a rclatively high volumetric energy content (138,320 Btu/gal). Inspection of the
data in Tables 4 and 5 :md~ Figurcs 6 and 8, indicated that the experimental analytical procedures
cmployed in the project gave excellent reproducibility.

The infrared spectra presented in Figure 9 were run on a PE-283 spectrometer. The
spectra cxhibited strong bands in the C-H stretch, the C-CH, inplanc scissor, C-CH3 in-place
hcnding.- and the CH, rocking regions of the spectra. Furthcrmorc, the spectra did not indicate
the presence of unsaturated carbon-carbon bonds nor the presence of heteroatoms in this sample.

1

According to Yen ct al.,12 the absorption at 2920 cm™" attributed to C-H stretching vibrations of

methylene groups, whereas the absorption band at 1380 cm'l

is duc to C-H symmetric bending
vibrations of methyl groups. The absorbance ratio of the 2920 cm™! to 1380 cm™! bands was
determined, and the valuce of the ratio was approximatcly unity indicating a high degree of methyl
substitution in the Sovict high density jet fucl.

The proton and carbon-13 nuclear magnetic resonance analysis indicated that the Soviet jet
fucl containcd cssentially no alkanes and no IongA chain paraffins and only minor amounts of

aromatic carbons (<2.4 percent). The majority of the aromatic componcents are 1-ring structures

such as toluene, xylenes, and tetralins. The samplcs also contained a vanishing small concentration

18




Table 4

Physical Properties of Soviet High Density Jet Fuel

Physical Run Run
Property Number 1 Number 2
Specific Gravity (60°F/60°F) 0.84334 0.84334
API Gravity, °API 363 36.3
Viscosity, cps
20°C 3.10 = 0.05 3.12 = 0.05
30°C 2.50 = 0.05 2.59 = 0.05
40°C 2.09 = 0.05 2.10 = 0.05
50°C 1.72 £ 0.05 1.74 + 0.05
Pour Point, °F -103 -103
Flash Point, °F 179.6 176.0
Firc Point, °F 190.4 186.8
Heat of Combustion
Keal gt 10.83 11.01
Bu Ib"1 19,500 19,810
Btu gal ! 137,225.5 139,417
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Table §

Simulated Distillation of Soviet High Density Jet Fuel

Distillation Run Run
Fraction Number 1 Number 2
IBP, °F 190.4 185

S 332.6 329

10 376.7 370.4
20 4163 413.6
30) 441.5 438.8
40 463.1 458.6
50 483.8 480.2
o) 503.6 500

70 521.6 518

80 545 540.5
1) 5783 5783
95 599 600.8
99 644 654.8

Gasolince Fraction 15.7 15.7

125-400°F, wt%

Middle Distillate 83.3 82.5

400-650°F, wt%

Hcavy Gas Qil 1.1 1.8

650-1000°F, wt%

Residue 0 0

1000°F, wt%

Volatility

1000°F, wt% 100 100

20
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Table 6

Elemental Analysis of Soviet High Density Jet Fuel

Elemental Analysis

Carbon, Wt% 86.3
Hydrogen, Wt% 13.7
Nitrogen, ppm 6
Sulfur, ppm 16
Atomic Hydrogen/Carbon Ratio 1.89
Molecular Weight, g mol-1 225
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of 2-ring aromatics. Approximately 35 percent of the protons/hydrogens in the sample were methyl
(CH,) hydrogens. The high degree of methyl substitution was confirmed by the atomic hydrogen
to carbon ratio, 1.89, calculatcd from thc ciecmental analyses. The molecular entities comprising
this high density jet fucl arc methyl substituted naphthenes (1 and 2 rings), having approximately
four methyl groups attached to the [used carbon rings. and isopranes. These species were

determined to have an average empirical formula given by

(CH)3 4g(CH3)g 72(CH3)3 93

The abscnce of normal paraffins and the low concentration of aromatics in the Soviet fuel
led to the speculation that it might be a hydrogenated catalytic cracker cycle stock or light gas oil,4

to which front end specialty hydrocarbon additives had been added.

Analysis of Conventional Aviation Turbine Fuels
and Pyrolysis Qils

The results of the physical and chemical analyses of he jet fuel samples arc presented in
Tables 7 through 13 and in Figures 10 and 11. The standard propertics of the aviation turbine fuel
samples arc compared in Table 14, In genceral, the data appcar to mect the reported

spccil'lcmions13 (Table 15) and data from the literature for the various jet fuel samples.

Analysis of the Aromatic 2040 Solvent

A samplc of the 2040 solvent was obtained from the Air Force Wright Acronautical

Laboratorics for possiblc usc in the aromatics hydrogenation studies. A limited amount of analysis
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Table 7

Specific Gravities of Aviation Turbine Fuel Samples

RUN 1 RUN 11
Specific Gravity API Gravity Specific Gravity API Gravity

Sample Code (60°F/60°F) (60°F/60°F)

82-POSF-0162 .87523 30.2 0.87523 30.2
82-POSF-0541 (JP-4-P) 0.76181 54.2 0.76181 54.2
S3-POSF-0462 (JP-8) 0.79605 46.3 0.79605 46.3
S3-POSF-0801 0.89652 263 0.89652 26.3
83-POSF-1030 (JP-5) 0.81356 424 0.81356 424
83-POSF-1431 (JP-4-S) 0.76661 53.1 0.76661 53.1
84-POSF-1949 (HD-1) 0.87221 30.7 0.87231 30.7
82-POSF-1028 (SJF) 0.84334 36.3 0.84334 36.3
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Table 8

Viscosity as a Function of Temperature

Aviation Turbine Fuel Samples

Viscosity (cps)

Temperature

Sample Code °C) Run | Run II
82-POSF-0162 20 2.54 = 0.05 2.52 + 0.05
15 294 *+ 0.05 297 + 0.05
10 3.32 £ 0.05 333 + 0.05
5 3.80 = 0.05 3.85 = 0.05
82-POSF-0541 (JP-4) 20 0.78 = 0.05 0.80 + 0.05
15 0.82 = 0.05 0.86 + 0.05
10 090 = 0.05 0.90 = 0.05
b 0.96 = 0.05 098 + 0.05
83-POSF-0462 (JP-8) 20 1.18 = 0.05 1.20 = 0.05
15 1.34 = 0.05 1.37 = 0.05
10 1.47 = 0.05 1.48 + 0.05
5 1.65 = 0.05 1.66 + 0.05
83-POSF-0801 20 262 = 0.05 260 £ 0.05
15 297 = 0.05 3.01 = 0.05
10 3.32 £ 0.05 3.34 £ 005
) 3.85 = 0.05 3.95 £ 0.05
83-POSF-1030 20 1.74 = 0.05 2.60 = 0.05
15 297 = 0.05 3.01 £ 0.05
10 3.32 = 0.0 2.23 = 0.05
b 2.54 = 0.05 2.56 + 0.05
83-POSF-1431 (JP-4) 20 0.86 = 0.05 0.89 + 0.05
15 0.90 = 0.05 0.93 + 0.05
10 0.98 = 0.05 0.98 + 0.05
b 1.05 = 0.05 1.10 = 0.05
84-POSF-1949 (HD-1) 20 231 = 0.05 2.28 * 0.05
15 2.63 = 0.05 2.66 + 0.05
10 2.88 x 0.05 292 * 0.05
S 3.34 + 0.05 3.38 + 0.05
82-POSF-1028 (SJF) 50 1.72 = 0.05 1.74 = 0.05
40 2.09 = 0.05 2.16 = 0.05
30 2.50 = 0.05 2.59 = 0.05
20 3.10 = 0.05 3.12 = 0.05




Table 9

Viscosities of Jet Fuel Samples at 253 K

Viscosity®
Sample Code (cps) (cst)
82-POSF-0162 83 9.4
82-POSF-0541 (JP-4-P) 1.7 2.2
83-POSF-0462 (JP-8) 3.7 4.7
S3-POSF-0801 8.5 9.5
N3-POSF-1030 (JP-5) 5.9 7.2
%3-POSF-1431 (JP-4-S) 1.9 24
84-POSF-1949 (HD-1) 7.9 9.0
82-POSF-1028 (SJF) 8.2 9.7

Aviscosity: temperature data extrapolated to -20°C.
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Table 10

Flash Point/Fire Point Data for Jet Fuel Samples

Flash Point Fire Point

Sample Code

°C °F °C °F
82-POSF-0162 110 230 115 239
82-POSF-0541 (JP-4-P) -- - - -
83-POSF-046 (JP-8) 98 208.4 104 219.2
S3-POSF-0801 92 197.6 97 206.6
~3-POSF-1030 (JP-5) 109 228.2 115 239
N3-POSF-1431 (JP-4-S) - -- -- --
84-POSF-1949 (HD-1) 92 197.6 98 208.4
82-POSF-1028 (SJF) 82 179.6 88 190.4

30




Table 11

Gross Heat of Combustion for Jet Fuel Samples

Heat of Combustion

Run
Sample Number cal/g Btu/lb Btu/gal
82-POSF-0162 1 10,720 19,295 140,622
2 10,679 19,222 140,089
82-POSF-0541 (JP-4-P) 1 10,889 19,601 124,312
2 10,953 19,715 125,037
83-POSF-0462 1 10,920 19,656 130,276
2 10,801 19,442 128,856
S3-POSF-0801 1 10,613 19,103 142,610
2 10,509 18,916 141,216
83-POSF-1030 (JP-5) 1 10,776 19,396 131,383
2 10,613 19,104 129,404
83-POSF-1431 (JP-4-S) 1 11,004 19,807 126,531
2 11,010 19,818 126,601
84-POSF-1949 (HD-1) 1 10,750 19,351 140,547
2 10,781 19,406 140,951
82-POSF-1028 (SJF) 1 10,830 19,500 137,226
2 11,010 19,810 139,417
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Table 13

Elemental Analysis of Aviation
Turbine Fuel Samples

C I H/C
Sample Code (wt%) (wt%) (atomic ratio)
82-POSF-0162 86.96 12.69 1.74
82-POSF-0541 (JP-4-P) 85.77 14.5 2.01
83-POSF-0462 (JP-8) 86.18 13.99 1.93
S3-POSF-0801 86.93 ' 12.31 1.69
83-POSF-1030 (JP-5) 85.82 13.44 1.87
83-POSF-1431 (JP-4-S) 85.28 14.41 2.01
84-POSF-1949 (HD-1) 86.81 12.60 1.83
82-POSF-1028 (SJF) 86.3 13.7 1.89
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Aviation Turbine Fuel Specifications

Table 15

13

Fuels Identity JP-4 JP-5 JP-8
Specifications
Gravity, °API 45-57 36-48 39-51
Specific Gravity, 60/60°F 0.751-0.802 0.788-0.845 0.775-0.830
Distillation, °F (°C)3 ‘
IBP -—-
10% Ovhd 400 (204.4) 400 (204.4)
20% Ovhd 290 (143.3) ---
50% Ovhd 370 (187.8) - 450 (232.2)
9% Ovhd 470 (243.3) - -
End Point - 550 (278.8) 550 (278.8)
Flash Point, °F (°C)P 140 (60) 110 (43.2)
Reid Vapor Pressure, psi 2.0-3.0 - -
Frceze Point, °F (°C)2 -72 (-58) -51 (-46) -51 (-46)
Luminomcter Numbcrb 60 50 45
Smoke Point, mm .- 19.0 25
Net Heat of Combustion,® Btu/lbm 18,400 18,300 18,400

4 Maximum permitted valucs.

b Minimum permitted valucs.
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was performed on this solvent due to the deemphasis of the aromatics saturation work after receipt
of the sample. The 2040 solvent was also considered as a candidate feedstock for a process
concept in which an aromatic feedstock would be passed over ZSM-5 in the presence of methanol
to produce a permethyl substituted high density aviation turbine fuel. The simulated distillation

data arc presented in Table 16, and selected, measured properties are reported in Table 17.
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Table 16

Simulated Distillation Analysis of 2040 Solvent

% Recovered °C °F
0.5 (IBP) 160 320
1.0 164 327
5.0 177 351

10.0 193 379
20.0 212 414
30.0 225 435
40.0 238 460
50.0 242 468
60).0) 251 484
70.0 263 505
80.0 273 523
N.() 288 550
95.0 . 293 559
99.0 334 633
99.5 (FBP) 375 707

Gasoline Fraction
125-400°F, wt% 174

Middlc Distillate

400-640°F, wt% 814
Hcavy Gas Oil

650-1000°F, wt% 1.2
Residuce

1000°F, wt% 0.0
Volatility

1000°F, wt% 100.0

39




Table 17

Selected Physical Properties of 2040 Solvent

Specific Gravity (15°C) 0.973
API Gravity, °API 13.95
Viscosity, cps
15°C 2.82
20°C 2.35
Pour Point, °C -23.0




Section III: SHAPE SELECTIVE CATALYSIS

Research Personnel: Hong P. Wang
Graduate Student

Danicl C. Longstaff
Graduate Student

Francis V. Hanson
Associate Professor

Introduction

The conversion of methanol to aromatic hydrocarbons followed by hydrogenation to the
corresponding naphthenes as a route for the conversion of coal or synthetic or natural gas to high
~ density or endothermic jet fuels has at least two advantages. First, high selectivity for a particular
product can be achicved by adjusting thc catalytic propertics of zcolitcs and/or the process
operating conditions. Sccond, the starting material, methanol, can be produced from alternative
nonpetroleum resources via Fischer Tropsch type technologics from domestic coal resources.

It is proposcd that high density aviation turbine fucls can be produced by the synthesis of
methyl substituted, two-ring aromatic hydrocarbons followed by hydrogenation of the aromatic
specics to the corresponding nuphthcnc.14

The advent of shape selective catalysis, first discovercd and reported by Weisz and Frilette
in the carly 1960s,1% has created new opportunitics to dircct and control catalytic reactions
involving hydrocarbons. Zcolites not only regulate those reactant materials that can diffuse into
them but can also regulate those products that can readily diffuse out because of their unique pore
structurcs and shape sclectivity, thus controlling the product selectivity.

In the carly 1970s, it was found that methanol could be converted to high octane number

gasolinc ovcr the shape sclective zcolitc ZSM-5 in excellent yields and with long catalyst cycle
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lite.!® Additional research has shown that ZSM-S can selectively produce specific hydrocarbon
classes through variations in operating conditions and by modification of the catalyst preparation
scheme.17-18

The unique catalytic and shape sclcctive properties of ZSM-5 zeolites have been attributed
to their crystalline structure. Zecolitc ZSM-5 is a pentasil zeolitc which possesses pore openings
intermediate between those of small porc zcolites such as zeolite A and erionite and large pore
zcolites such as faujasite. The 10-membered ring opening of ZSM-5, compared to eight for zeolite
A and 12 for the faujasites, permits molecules that are intermediate in size to enter its channels.

A ncw zcolite designated ZSM-48 was synthesized in the early 1980s.19 This zeolite, having
Si05/Al,05 ratio >5, can be used in conjunction with zeolite ZSM-5 for the conversion of
mcthanol or higher alcohols to hydrocarbons in the jet fuel or dicsel fuel boiling ranges.

The major objective of this work was to synthesize zcolite catalysts and to evaluate novel
proccssing schemes using these ~~*~lvsts for the production of mecthyl-substituted aromatics from
oxygenated species.  Zeolite structures related to ZSM-5 and ZSM-48 were investigated and
explored.  An investigation of the reactions of methanol and higher alcohols over synthetic zeolites

was also conducted.

Zeolite Catalysts

Zcolites arc crystalline, hydrated aluminosilicates. Their chemical composition can be
represented by the empirical formula M4, O+ [AlyO5-xSiO,]-yH,O, where x is generally equal to
or grcater than two and n is the valence of the cation M. When M is a proton, the zeolite is a

strong Bronsted acid. As x approaches infinity, the framework will, of course, be electronically

ncutral.
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Structurally, zeolites are framework aluminosilicates based on an infinitely extending three-
dimensional network of AlO4 and SiO tetrahedra linked to each other by shared all oxygen atoms.
Cations are introduced into the structure to preserve the electronic neutrality since the replacement
of tetravalent silicon atoms by trivalcnt aluminum atoms rcsults in the formation of ionic sites in
the vicinity of the aluminum atoms. The cations so introduced arc usually readily exchangeable.

Detailed reviews on the structurcs, physical and chemical properties of the catalytically
important zcolites and molecular sicves have been discussed by Breck,zo, Rabo,21, and Barrer.22
A loose definition of zcolites has been proposed by Smith:23 a zcolite is an aluminosilicate with
a framework structure enclosing cavitics occupicd by large ions and water molecules, both of which
have considerable freedom of movement, permitting ion exchange and reversible dehydration.

In some synthetic zcolites, aluminum cations are repiaced by gallium ions, and silicon ions

arc replaced by phosphorus or germanium ions.  The structure of a zceolite after complete

dchydration must remain intact to be used as a molecular sicve.

General Concepts Related to Zeolite Synthesis

The most comprehensive carly studics on zeolite synthesis were conducted by Barrer and
his co-workers.  In 1950 the Union Carbide Corporation initiated a systematic study of zcolite
synthesis which resulted in the synthesis of about 20 novel synthetic zeolites by the application of
a new field of chemistry involving  highly reactive alkaline aluminosilicate gel, metastable
crystallization, and low temperature, low pressure crystanllizali()n.24 Zcolite A, discovered by Breck
ct a2 can be prcparcd by combining sodium metasilicate and sodium aluminate solutions such
that the rcaction mixture is aluminum-rich. The powdered crystalline zcolite A can be obtained

by rcfluxing the aluminosilicate gel solution for 3 to 4 hours. Using the same reagents, zeolite X
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(SiOx/Al,O3 = 2 -3) and zeolite Y (SiOp/Al,O3 = 3 - 6)20 can also be synthesized. Both of
these zeolites are isostructural with the naturally occurring zeolite, faujasite (SiO,/Al,05 = 4.5).

In 1961, Barrer and his co-workers2/ first reported the synthesis of N-A (a siliceous analog
of zeolite A) by adding tetramcthylammonium cations to sodium alumino-silicate gels. The
alkylammonium ion appeared to increase the framcwork Si/Al ratio, that is, the framework

composition was enriched in silicon atoms. Kerr and Kokotailo?8

also reported the synthesis of
a zeolite designated ZK-4 which was isostructural with zeolitc A but whose SiO,/Al,O5 ratio was
34.

Wadlinger ct al.2? reccived a patent in 1967 which described a new zeolite, designated
scolite beta, and its method of preparation. Zeolite beta was synthesized from silicon-rich reaction
mixturcs containing tetracthylammonium ions and sodium ions and was the first zeolite to have
Si04/Al,O5 ratios greater than 10.

Argauer and Landolt30 patented a preparation proccdurc that led to the formulation of a
mcdium-pore class of zeolites known as Zeolite Socony Mobil (ZSM-) and more specifically to the
zeolite catalyst known as ZSM.5.3031 h¢ discovery of the novel catalytic propertics of ZSM-5
during the last decade has been followed by an intensive rescarch cffort on the synthesis of other
highly siliceous zcolites and catalytic applications of these matcrials.32-34 ZSM-5 can be prepared
from high SiO5/Al,O4 ratio reaction mixtures containing sodium and tctrapropylammonium ions
and at temperatures above 373 K30

A new family of molccular sicves has been disclosed having nonaluminosilicate frameworks.
An important cxample of this expansion is the recent discovery of the novel aluminophosphate
(AIPO,4) molccular sicves.33-37 The structures of several of these materials arc analogous to the

crystalline aluminosilicate zeolitcs. These materials represent a new class of microporous inorganic

solids that are currently being evaluated in catalytic applications.
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Characteristic Structures of Catalytically Important Zeolites

The zeolites that have been widely investigated are those that have achieved industrial
applications. These zeolites, namely, X, Y, mordenite, the pentasil types, and erionite, have pore

openings characterized by 12-, 10-, and 8-rings of oxygen atoms.

Large Pore Zeolites

Faujasite: Faujasitc is a naturally occurring zcolite with chemical composition:
(NayCa)[Al»SiO40,,]+8H,0. The synthetic zeolites X and Y have framework structures similar
to that of the natural mincral faujasite. The faujasite structure is comprised of truncated octahedra
(sodalite cage) interconnected via double six-ring (D6R) units. The three-dimensional framework
sives rise to the large supercages approximately 13 A in diameter. There are eight supercages per
unit cell. The supercages are interconnected via 12-membered rings of about 7.4 A in diameter.
The unit cells are cubic with a ccll dimension of ncarly 25 A, Each unit ccll contains 192 AlO4
and SiQ, tetrahedra that are linked through sharcd oxygen atoms. 3839
The cation sites that cxist inside the supercage or close to the wall of the supercages are

probably most important for catalytic purposcs.40 These sites can accommodate hydrogen ions

that become [ramework hydroxyl groups and potential acidic catalytic sites following ion exchange.

Mordenite:  Mordcnite is a natural, orthorombic aluminosilicate that has the general
formula: (NayK,Ca)[Al5SiO((jO54]+ 7TH,O. The mordenite structure contains no large supercages,
in contrast, the dehydrated structure has a two-dimensional small-port channcl system. The
mordcnite structure also contains a onc-dimensional pore systcm (large port) of parallel elliptical
channcls dcfined by 12-membered rings of approximatcly 6.7 A diameter.383%  The natural
mordenitc mineral appears to be a smail pore zcolitc because the porc system is partially blocked

by amorphous impuritics or cations rcsulting in an effective diameter of about 4 A.38-40
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Mazzite: Mazzite (ZSM-4 or zeolite omega) is a member of the cabazite group.
Massite has a one-dimensional system of parallel channels defined by 12-membered rings 7.4 Ain

diamc:ter.38'39

Small Pore Zeolites

Erionite: The erionite structurc is hcxagonal containing double six-membered rings and
single six-membered rings that arc arranged in parallel planes perpendicular to the hexagonal axis.
This arrangement produces supercages supported by columns of cancrinite type cages linked
through double six-membered rings. It results in a three-dimensional pore system consisting of
cavitics with dimensions of 1.5 x 6.3 A and eight-membered oxygen ring apertures that have
dimensions of 3.6 x 5.2 A.38:39

Erionite is a naturally occurring zeolite having a SiO,/Al,O4 ratio of about six (erionite has
the general formula: (Naj,Ca,Mg,K5)O+ [AlyO3.5i05]:6H,0). It is a thermally stable and acid
rcsistant zeolite. Erionite is commercially used in catalytic cracking and hydrocracking applications.
The molecular shape selectivity can be controlled by means of modification of its pore size. The
porc system of crionitc contains a continuous diffusion path for molccules with a maximum kinetic
diameter of 4.3 A, Thus the structure can adsorb lincar hydrocarbons and exclude branched

hydrocarbons.40

Cabazite: The trigonal structure (possibly triclinic) of cabazite has double six-membered
rings linked togcther through tilted four-membered rings. The framework contains large ellipsoidal
cavitics, cach cntered through cight-membered rings. These cavities are joined together via their

cight-membered rings to form a thrce-dimensional channel system having dimensions of 3.6 x 3.7

A38,39




Offretite: Offretite is structurally related to erionite except in the sequence of six-
membered rings. Intergrowths of offretite and erionite, e.g., ZSM-34 and zeolite T, are observed

frequently.38

ZK-5: Zeolite ZK-5 consists of truncated cuboctahedra joined through double six-
membered rings in a body-centered structure.  The main channel system is defined by eight-

membered rings about 3.9 A in diameter. 3839

Pentasil Zeolites and Molecular Sieves

ZSM-5:  The unique catalytic propertics of zeolite ZSM-5, as in conversion of oxygenates
to hydrocarbon specics, have becn attributed to its crystal structure. #1142

Zcolitc ZSM-5 is comprised of orthorhombic unit cells. The framework consists of a set
of sinusoidal channcls intersccting with a sct of straight channels. The channels (Figure 12) are
cllipsoidal with 10-membcred ring openings, having thc approximate free diameters of about 5.4
x 5.6 A for straight channcls and 5.1 x 5.5 A for sinusoidal channcls.30.43.44

ZSM-11%4-%0 4nd silicalite arc closcly rclated to ZSM-S in structure. The ZSM-5 and
silicalitc have orthorhombic unit cclls whereas the unit cell of ZSM-11 is tctragonal. Silicalite-2

and ZSM-11 contain two scts of intersecting straight channcls with 10-membered ring openings of

about 5.1 x 5.5 A [rcc dimension.

ZSM-48:  Zcolitc ZSM-48 was [ound as an impurity phase in zcolite ZSM-39.47 Zeolite

ZSM-48 in a form substantially frcc from impurities was later synthesized hydrothermally by Mobil

scicntisls.48

ZSM-48 is a high silica zcolite with orthorhombic or pseudoorthorhombic unit cells.
X-ray powder diffraction, electron diffraction, sorption and catalytic characteristics indicate that

zcolitc ZSM-48 has a framcwork bascd on the ferrierite shect with linear non-interpenetrating
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10-membered ring channels (ideal dimensions are 5.3 x 5.6 A) running perpendicular to the sheet.
A possible structure for ZSM-48 has been proposed by Schlcnker et al¥® It is proposed that
ZSM-48 has a structure that is based on ferrierite sheets linked via bridging oxygens located in a
mirror plane.

Shape Selective Zeolite Catalysis
and Catalysts

Preparation of Shape Selective Zeolites

Synthesis of ZSM-type Zeolites

40 50

Since the work of Barrer™” and Kerr,”" a varicty of organic cations have been used in the
synthesis of zeolites.  The major driving force for the use of organic cations was to synthesize a
scolite material with a high SiO5/Al,0O4 ratio.  As the SiO,/Al,0O4 ratio increases, the acidity,
thermal stability and hydrothermal stability also increase.>! A sccond objective was o synthesize
a ¢colitc material with a larger intracrystalline pore channcl system than those of zeolites X or Y,
both of which have been used extensively in catalytic cracking and hydrocracking pmccsscs.27'52
A wider pore structurc zcolite was desirable since it would crack more of the heavy end of the
petrolcum feed.

The cations uscd in the synthesis of ZSM-type zcolites are usually members of one of the
following classcs or types of cation: alkylammonium cations, alkyl-phosphonium cations and organic
complexes. Alkylammonium organic cations have been more widely used in the synthesis of zeolites
than phosphonium cations. The use of organic cations as templates in the synthesis of zeolites has

led to the discovery of many new zco.itic materials.>>

The most commercially intcresting of these
arc the ZSM-type zcolites devcloped by Mobil scicntists. 33345478 These zeolites are usually

synthesized in a reaction mixture containing alkali mctal cations in the presence of organic cations

or complexces.
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The organic cations used in the synthesis of ZSM-type zcolites are identified in Table
18.33,34,54-78 The nomenclature and chemical formulae for these organic cations are presented

in Tables 19 and 20. Many of these zeolites are structurally related.

Synthesis of Zeolite ZSM-5

Zcolite ZSM-5 was originally preparcd from reaction mixtures containing
tetrapropylammonium ions.30  Other organic bascs, for example, other quaternary ammonium

79,80 92,93 84 were also used for the

ions, primary and secondary amint:s.81 diamines, alcohols
preparation of ZSM-S. Numecrous other compounds, representative of a wide variety of functional
gr()ups.85'88 have been claimed to be effective for preparation of ZSM-5 zeolite under suitable
conditions. It is also possible under certain circumstances to crystallize ZSM-5 from reaction
nuxtures in the absence of an organic basc.34.87.88

Zcolite ZSM-5 can also be synthesized in the presence of a tetraurcacobalt (IT) complex
with a specifically defined reaction mixture. Depending on the ratio of tetraurcacobalt (IT) complex
to silica in the zcolite synthesis rcaction mixture, the crystalline product consists of highly twinned
rectangular prismatic crystals exhibiting extreme uniformity in size from about 5 x 10 microns to
about 10 x 20 microns.??

Zcolitc ZSM-5 can also be prepared containing an outer aluminum-free shell by increasing
the hydroxide content or by reducing the organic cation concentrations, i.€., the template ion to

SiO5 ratio. The outer shell is essentially SiO5 that has crystallized on the zeolite surface in the

ZSM-5 type configuration. This preparation technique leads to a more selective catalyst for the

%0

production of p-xylenc.




Table 18

Organic Cations Used in the Synthesis of ZSM-Type Zeolites

Zeolite Cations Si/Al Type Reference
ZSM-4 Na, TMAorPor C 1.5-10 54
ZSM-5 Na, TPA >6 Pentasil 30,31
ZSM-6 TMACI 13-150 S5
ZSM-8 Na. TEA 5-100 56
ZSM-10 K. DDO 2.5-35 57
ZSM-11 TBP, BTPP, TBA 10-45 Pentasil 58
ZSM-12 Na, TEA 10-100 59,60
ZSM-18 Na, HMBTP <50 61
ZSM-20 Na, TEA 3.5-5 Faujasite 62
ZSM-21 Na. ED, P, C 4-25 Ferricrite 63
ZSM-23 Na, P 12-55 64
ZSM-25 Na, TEA 3-5 65
Z5M-34 Na, K, TMA 4-10 Otffrctite/Erionitc 66
ZSM-35 Na. P, ED 4.25 Ferrierite 67
ZSM-38 Na, C 4-25 Ferrierite 68
ZSM-39 TC, P >20 69
ZSM-43 GCs, C 5-8 70
ZSM-47 TMACI 8-25 71
ZSM-48 Na, C5-C42 ADA >75 72-17
ZSM-51 TMPP or DMPP >30 78
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Table 19

Nomenclature for the Organic Cations Used
in the Synthesis of ZSM-Type Zeolites

TMA Tctramethylammonium

TPA Tetrapropylammonium

TEA Tetracthylammonium

DDO [1,4-Dimclhy|-1.4;diazahic'ycl() (2,2,2) octane]2+

TBP Tetrabutylphosphonium

BTPP Benzyltriphenylphosphonium

TBA Tetrabutylammonium

HMBTP 1,3,4,6,7,9-Hcxahydro-2,2,5,5,8,8-hexamcthyl-2H-
bensol[1,2-C:3,4-c };5-6-C] tripyrolium

ED Ethylenediamine

P Pyrrolidine

C Cholinc

TC Tetraurca Co(Il)

ADA n-Alkyl-diamine
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Table 20

Chemical Formulae of the Organic Cations Used
in the Synthesis of ZSM-Type Zeolites

TMA (CH3)4N*

TPA (C3Hy)4N*

TEA (CHg)yN*

DDO  (CgH;gNp?*

TBP (C4Hg)4P™*

BTPP CgH5CH,(CgHs)1P*
TBA (C4Ho)yN*

HMBTP  Cg(CHN(CHs)y),3*

ED NH,(CH,)NH,

P NH(CH,),

C (CH3)3N(CH,)OH
TC ((NH4),CO)4-Co(1l)
ADA NH,(CH,),NH,
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Dcrouane et al.91

reported two different crystallization processes for the formation of
ZSM-S crystals. In process A, a limited number of ZSM-5 nuclei are formed at the expense of
an amorphous aluminum-rich gel phase. The nuclei grow slowly by a liquid-phase ion transport
mechanism by incorporating TPA which may scrve as a tcmplate during the growth process. In
process B small X-ray amorphous ZSM-$5 aggregates appear very early in the crystallization process
followed by formation of X-ray crystalline ZSM-S§ duc to a solid to solid phase transformation
mechanism.

Zcolites having a structure intermediate between ZSM-5 and ZSM-11 can be synthesized
in the presence of tetrabutyl-ammonium cation at temperatures of 423 - 448 K092 Jablonski et
al?3 indicated that ZSM-5/ZSM-11 intergrowth structures can be synthesized from reaction
mntures with the mole oxide ratio: 4.5(TBA),0O14.7Na;0Al,04 173.45i0,2452H,09Br. X-ray
powdcr diffraction and sclected arca clectron diffraction were used to identify the intergrowth
structures. 2093

Doclle et al.? reported that the hydrogen form of Zceolite ZSM-S can be prepared using
1.6-hexanediamine (C6DN) as the organic cation from a sodium-free gel. which after heating in air

at 823 K gives the hydrogen form directly without an intermediate ion exchange step.

Synthesis of Zeolite ZSM-48

Zcolitc ZSM-48 can be prepared from a rcaction mixture containing a source of silica,
optionally alumina, alkali metal oxide, water, and RN (RN is a C;-C,, organic compound having
an amine functional group of pK, = 7).72'77 In preparing the highly siliccous form of ZSM-48
no alumina is addcd. Thus the only aluminum present occurs as an impurity introduced into the

rcactant mixture.
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The preparation of crystalline zeolite ZSM-48 requires the silica/alumina mole ratio of
reaction mixture to be at least 500 to avoid product contamination with other silicates, notably
crystalline silicates ZSM-5 or ZSM-11. Valyocsik78 indicated that the silica/alumina mole ratio of
the reaction mixture can be much less than 500 (e.g., as low as 180 or less) and still produce
relatively pure ZSM-48 if a different organic template (bis(N-methylpyridyl)-ethylinium compound)
is used.

High crystallinity zeolite ZSM-48 was prepared from a reaction mixture containing the

1.95

organic cation, pyrrolidine, by Suzuki ct a The scanning elcctron microscope image of the

ZSM-48 crystal indicated a rod-like structure 0.2 - 0.4 um in width and 3 - 5 um in length.

Factors Affecting the Synthesis of
the ZSM Family of Zeolites

Zcolite crystallization is belicved to be a nucleation-controlled process from a reaction
mixturc containing alkaline aqucous gels at tcmperaturcs between 353 and 523 K. The primary
influences of the reaction mixture compositions in zcolite synthesis were reported by Rollmann:%0
(1) framework composition is affected by the SiO,/Al,O5 ratio; (2) crystallization mechanism is
affected by the HyO/SiO; ratio; (3) structure and cation distribution arc affected by the Na+/Si02
ratio; and (4) framcwork aluminum content is affected by the R4N+/Si02 ratio. Generally,
addition of the organic cation to a rcaction mixture used in zeolite synthesis may affect changes
on zcolite structure, crystallization rate, chemical composition, and microscopic texture. 5396 The
organic cation (R4N+) is thought to function as a hydroxyl ion donor because of its basicity. The

organic cation may also incrcase the solubility of the aluminate or silicate ions. It has also been

postulated that the organic cation serves to organize the water molecules.72:53:97-99
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Substitutes in the Framework of the ZSM Family of Zeolites

Introducing othcr atoms to replace aluminum and silicon in the framework of known
zeolites has been widely studied. Such efforts could result in new zeolite structures with unique
pore channels and cage systems that could rcsult in the synthesis of new catalyst systems which
could promote novel reactions.

Framework substitutes such as B, Ge, Fe, Cr, As, and V in the synthesis of pentasil zeolites
have been recently reporte:d.52 A number of investigatomloo'104 have prepared a material having
a ZSM-5 structure in which boron atoms are claimed to be the zcolitic framework. Evidence for
this substitution has been given by Taramasso et al. ' from measurements of the size of the unit
cell, and by Gabelica et al.104 from magic angle spinning NMR (MAS-NMR) data. It should be
noted that metal-containing zeolites must be subjected to carcful study to identify the location
and type of interaction with the zcolite framework structure, that is, to insure that the atom is

actually in the framework and not sited on top of an aluminium atom in the framework.

Madification of Shape Selective Zeolites for Catalytic Use

Most industrial reactions are acid catalyzed reactions. Thus it is necessary to modify the
synthetic zeolites to introduce the acidic catalytic sitcs as well as to improve the thermal and
chemical propertics. The zeolite catalysts can be modified by treatment in the following ways: (1)
ion cxchange, (2) thermal and hydrothermal treatment, (3) chemical modification, and (4) metal

loading.

lon_Exchange
The synthetic routes for preparing zeolites usually result in final products containing a

substantial amount of alkali mctal ions. The alkali metal cations can be replaced by other cations.
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Most zeolite preparation schemes include an ammonium ion exchange if the end result is
intended to be a catalyst. The concept is to exchange the alkali cations for ammonium ions and
then generate the hydrogen or acidic form of the zeolite by thermal decomposition. The rate and
degree of ion exchange strongly depend on factors such as the nature of the zeolite, the type and
nature of the cation to be exchanged, and the reaction condition for the ion exchange process.
Higher degrees of exchange can usually be obtained by batchwisc repetition of the exchange
procedure. |

Direct proton exchange requires the use of solutions with a higher proton concentration
such as dilute acid. However, since most zeolites are acid sensitive, the potential applications of
direet proton cxchange are limited. The stability of zeoliwes to acid increases with increasing

stlica/alumina ratio. Hence high silica zcolites are more suitable for ion exchange with dilute acid.

Thermal Treatment

Ammonium exchange of zeolites and the subscquent thermal decomposition is an important
activation procedurc for many commercial catalysts. The thermal trecatment of the ammonium
exchanged zeolites is usually conducted at temperatures ranging from 700 to 950 K

An informative study on H-form zeolites 03

using diffcrential thermal analysis indicated that
the first obscrvation on heating is the loss of physically bound water, rcsulting in an endotherm

ncar 423 K. Next, an endotherm is observed near 923 K corresponding to final dehydroxylation.

High tempcraturc trcatments may result in structural collapse.

Chemical Moadification

The dcalumination of a zeolite without destruction of the zeolite structure by treating with

SiCl4 has been reported by Beyer and Bclcnykaja.lo6 They claimed that the aluminum atoms in
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the framework of NaY werc replaced by silicon atoms. Klinowski et al.197 have confirmed this
type of dealumination by 295i-NMR spectroscopy using the sodium-form of mordenite. The
dealumination of ZSM-S with silicon tetrahalides has also been reported by Chang.108 Namba et
al.10% found that the aluminum atoms on the extcrnal surface of ZSM-S crystallites were removed
more sclectively than thosc in the pores by trcating NaZSM-5 zcolite with silicon tetrahalide vapors

at 723-923 K 109

Metal Loadin

It is oftcn nceessary to incorporate additional active components in a catalyst to accomplish
the required catalytic transformation from reactants to products in many industrial processes. Such
components arc frequently metals, metal oxides, or metal sulfides similar to those used in non-
«colite or amorphous oxide catalyst systems. Mctals can be loaded in zcolite containing catalysts
in scveral ways including ion cxchange of the zeolite from solution, impregnation from solution,
adsorption from the gas phasc, and comulling during catalyst formation of the solid metal
componcent or its solution.

Mctals such as nickcel, cobalt, silver, iron, and chromium can be directly exchanged from
aqucous solutions of their salts such as nitrates, chlorides, acctates, and the like. Many of these
can also be introduced as the aminc complex ion. Palladium and platinum that normally exist in
solution as ncgative ions (PdClzz') must be converted into a positive ion before they can be
incorporated.  Formation of the positively charged tetramine complex from the palladium salts
occurs rcadily in aqucous ammonia to give the Pd(NH3)42+ ion. Platinum forms a similar
complex. When the exchange capacity of the zcolites is low, ¢.g., high-silica zeolites and molecular

sicves such as silicalitc and aluminum phosphates, othcr methods, such as impregnation, must be

uscd.
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Characterization of Zeolites

X-ray Diffraction

Crystal structure determination using X-ray powder data has played an important role in
the development of the science and technology of zeolite molecular sieves and catalysts since the
advent of synthetic zeolites. Crystallization mechanisms, modification processes, molecular sieve
properties and catalytic behavior can be properly understood if the complete crystal structure is
known.

Identification of zeolites can be carricd out on the basis of X-ray diffraction. Powder
patterns arc the common method by which the crystallinity of a zeolite can be determined.!10 ¢
a pattern shows no cvidence for crystalline or amorphous contaminants, purity is estimated by the
comparison of the intensities of reflections at d-spacings smaller than about six Angstroms with
those of a highest purity samplc of similar composition and crystal size. Quantitative analyses are
much more difficult to conduct because there is no absolute 100 percent crystalline zcolite standard.

Thus percent crystallinity can only be compared to an arbitrarily defined standard.

Microanalysis

Many techniques in the field of clectron optical insttumentation arc available to provide
information concerning crystal shape and size and as well as other charactcristics of zeolites. 111,112
Onc of thc most important techniques applied in zeolite rescarch is transmission electron
microscopy (TEM). Scanning clectron microscopy (SEM) used in conjunction with scanning

microprobe analysis yiclds a great deal of information on zeolites. 113

Scanning Electron Microscopy: In scanning electron microscopy an electron probe is used

to scan the surface of a specimen using deflection coils. The interaction between the primary beam
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and the specimen produces various signals from back scattered electrons, secondary electrons, X-
rays, etc. which may be utilized to form an image of the surface. The appropriate signal is
detected, amplified, and displayed on a cathode-ray tube screen scanned synchronously with the
beam. One important advantage of SEM is that lcss stringent specimen preparation requirements
arec nccessary and this permits samples to be examined in a largely unaltered state, since only a
conducting surface layer is rcquircd. Magnification in the range 20-50000 times is normally
available with a resolution down to 100 A. Zeolite samples are usually covered with a thin film

of gold to ensure sufficient clectrical conductivity the sample so as to prevent the build-up of a

surface charge which leads to distorted image pictures. The gold film also serve to protect heat
scnsitive samples during analysis.

The back-scattered clectrons give a signal varying with the respective atomic number of lile
probing mctal specics. Measuring the wavclength of the induced characteristic X-ray radiation with
special detectors permits elemental analysis of the surface region upon which the beam is focused.
This technique is known as electron microprobe analysis. Ballmoos and Mcier!14 have studied
the distribution of silicon and aluminum in ZSM-5 crystals using the microprobe analysis method.
Thesce results are very important in explaining the mechanism of crystallization of the zeolites. The
ratc of nuclcation and crystal growth increascs with the silicon content.  Furthermore, microprobe
analysis has also helped to cxplain the catalytic activity of zcolites by measuring the number of

active centers within the channel system which is a function of the silica-to-alumina ratio. 114,115

Transmission Electron Microscopy: Transmission electron microscopy can achieve
resolutions of about 3 A at a magnification of approximately 105, The resolution can be improved
by using special imaging tcchniques known as bright field, dark field, or lattice imaging. The

surfacc scanning technique and the analysis of the characteristic X-ray radiation can also be applied
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in the transmission mode, that is, scanning transmission electron microscopy (STEM). This method
has the advantage of better resolution as compared with TEM, but has the disadvantage of difficult
sample prepal'ation.113

Lyman et al.116 indicated that particles of ZSM-S with different silica-to-alumina ratio may
have different chemical profiles across the particle. ﬁe technique employed was X-ray emission
spectroscopy in the STEM. Small particles, silica-to-alumina ratio of 10, indicated either

enrichment of silicon near the surface or a near hom. ;eneous composition. Large particles,

SiO,/Al,0O5 ratio of 40, exhibited morc aluminium ncar the particle surface than in the center.

Thermal Desorption
The acid strength of zeolites can be determined by measuring the heat of adsorption or
desorption of a suitable probe molccule.  Ammonia meets the requirements for such a

probel17-120

Firstly it is small enough to enter all the zeolitc porcs. Sccondly it can react both
with the Bronsted and Lewis acid sites. Pyridine is much lcss suitablc with regard to the first
requircment.  Derouane and co-workers! 18 have indicated that the concentration of active acidic
sites in ZSM-5 is rclated to the aluminum content of the zcolite and presumed these sites are
located at channcel intersections. These sites are characterized by an ammonia desorption band near
773 K. Weaker acidic sitcs are characterized by a desorption band at about 500 K. These weaker
sites probably correspond to terminal silanol groups on the external surface of the zeolite or
possibly nonzcolitic impuritics. However, Haugnl has reported that a single type of acid site was
obscrved using ammonia temperature-programmed desorption. A single desorption band with a

maximum temperature of 673 K was found. If the zeolite is exposed to excess ammonia vapor,

three desorption bands arc observed and arc erroncously thought to indicate the presence of three

types of acid sites on zeolite ZSM.s.117-120
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Vibrational Spectroscopy

Vibrational spectroscopic techniques can furnish direct information about the nature of
surfaces and adsorbed surface species. These techniques provide information on a molecular level.
During the last decade there has been increasing recognition that infrared spectroscopy can yield
information not only on short range bond order and characteristics but on long range order in
crystalline solids caused by lattice coupling.

Flanigen et al.12Z have indicated that the mid-infrared vibrations can be classified into two
types, named internal and cxternal vibrations. The internal vibrations, including asymmetric stretch
(1250-950 cm'l), symmectric stretch (720-650 cm'l). and T-O (TOy4-tetrahedra, T denotes silicon
or aluminum atom) bend (500-420 cm'l), are present in the spectra of zeolites with small changes
i absorption frequencies regardless of the type of the framework of the zeolite. The external
vibrations depend on the structure of zcolites and arc assigned to linkages of the TOg4-tetrahedra
typical for a special framework topology. Groups of this kind are the pore opening (420-300 cm‘l)
and double rings (650-500 cm'l), prcsent in a grcat varicty of zcolites and also the various
polyhedral units.

The crystal structure of a ZSM-type zcolite has been studied by X-ray diffraction and
infrared spectroscopy.  Although the X-ray diffraction pattern of the small ZSM-S zcolite crystal
is characteristic of an amorphous material, the infrared spectra along with catalytic mcasurcments
indicated that the material behaved like cryst:lline ZSM-5.123 The results have been interpreted
in terms of the presence of the small ZSM-5 zcolite crystals (diamcter less than 80 A) in an
amorphous matrix.

Recently diffuse reflectance spectroscopy has been applicd to the study of high silica

zeolites.  This technique is much morce scnsitive in comparison with the standard transmittance
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infrarcd spectroscopy. Kanzansky et al.124 carried out the measurements on ZSM-5 in the near
infrared region, which includes fundamental stretching vibrations of O-H bonds, their overtones and
combinations of stretching and bending vibrations. They provided evidence for the similarity of
Bronsted and Lewis acidic sites in high silica ZSM-5 and provided an interpretation of the
difference in their catalytic activitics by shape sclectivity effects or by the difference in the
concentration of acidic active sites.

Ammonia temperature programmed infrared spectroscopy can provide useful information
about the assignment of the diffcrent temperature programmed desorption bands. Lok et al1®
tndicated that the infrared spectrum for ZSM-5 shows two sharp bands at 3740 and 3610 cm-1 and
4 broad band around 3475 cm-1. They noted that the only change in the infrared spectrum during
thermal desorption of ammonia from ZSM-S is the reappearance of a small portion of the 3610
cm-1 band. Therefore, the ammonia desorption from ZSM-5 below 528 K is primarily due to
physically adsorbed ammonia.

An infrared spectroscopic study of simple alcohols adsorbed on ZSM-5 126 was in agreement

127 cach of the alcohols adsorbs in tte

with the results from thermal desorption spectroscopy:
vicinity of the aluminium atoms, as cvidenced by the disappearance of the hydroxyl band associated
with the hydrogen cations.

Furthermore, thc comparison of sequences of sitc populations with observed reactivities on
ZSM-5 suggcests that Lewis sites are the origin of catalytic activity in the conversion of CH,O0H
o (CH3)20.117 Similar comparisons also indicate that dealuminated Bronsted sites are the
principal source of reactivity for the c_nversion of (CH3),0 to hydrocarbons.lz&l29 Active acidic
sites involving in mcthanol conversion can be cxpressed according to the following simplified

rcaction scheme:
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CH30H ----eememeeee — (CH3)50 -—--emeemeeeeeee — Hydrocarbons (1)
Lewis Acid Bronsted Acid

Acid properties of NaHZSM-S zeolites of various degrees of exchange have been studied
by quantitative infrared studies of pyridine adsorption.m'o'133 Two kinds of Bronsted acid sites
were detected, OH groups vibrating at 3609 cm-1 being strong acid sites and other protonic sites
(3740 cm'l) of lower acidity. The concentration of acid sitcs (determined by infrared spectroscopy)
was found to be equal to the concentration of protons introduced into zeolite by ion
exchange.l:m'135 These results indicate that the introduction of protons into the zeolite does not

acidily wecaker sites preexisting in the zeolite betore ion exchange

Solid State NMR

NMR spcctra can provide information on the bonding of atoms to the silicon and aluminum
in the structure and distinguish bctween different types of species such as Si-4Si, Si-3SilAl, Si-
2Si2Al, Si-1Si3Al, and Si-4Al in the zeolite lattice and external to the lattice structure. The key
is the development of the magic angle (54°44°) spinning NMR for the measurement of chemical
shift in solid samples. The chemical shift values are characteristic of crystallo-graphically and
chemically distinct cnvironments.

Correlations between chemical shift and structure were established, 13 and used!37:138 i
structural studics of both soluble and insoluble silicates and aluminosilicates. The structure of a
widc varicty of zcolitic solids has been invcstigatcdl37'l49 using 29sj, 27Al and several other

nuclei.




Kinetic Characterization

a-Test: The catalytically active centers in the H-form of ZSM-5 are believed to be Bronsted
acid sites, i.e., bridging hydroxyl groups associated with framework aluminum atoms. The number
of catalytically active acidic hydroxyl groups is cqual to thc aluminum content, if all the aluminum
atoms arc in tctrahedral framework positions and if they are not poisoned.

The cracking of n-hexane provides a suitable quantitative test reaction for measuring the
acidity of a catalyst. At a given temperature the magnitude of the rate constant, k, is obtained
from the equation k = (1/t)-In{1/(1-¢)}, where k is the first order rate constant, ¢ is the fractional
conversion and t is the contact time.!? The rate constant for cracking is expressed in a-units, a
= 1 being the valuc of a high activity amorphous SiOZ/A1203.15 1,152 Haag et al.12! indicated
that the hexane cracking activity over HZSM-5 is strictly proportional to the aluminum content
over more than three orders of magnitude, extending down to aluminum contents in the parts per
million range. Extrapolation of the data on a lincar plot gavc zcro activity at zcro aluminum
content. 121153 A similar lincar relationship was also obscrved between the a-valuc and the

. . . . 2
intensity of the NMR signal due to tetrahedral aluminum.!°!

Isobutane Isomerization: Thc isomcrization of isobutanc which proceeds by a bimolecular
mcchanism over large-pore zcolitcs has been used as a probe reaction to study the channel
structurc of thc pentasil zcolites. 134155 The product strcam contains propane and pentanes in
addition to n-butanc over mordenite. In zcolite ZSM-S, there is not enough space in the channel
intcrsection  for a bimolecular transition statc. As a consequence, pentancs arc not present in the
products of the reaction.!1%6 This suggests a mono-molecular mechanism. Haag and Dessau!97

indicatcd this monomolecular transition state involves a pentavalent carbonium ion intermediate.
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Surface Area Measurement: Various means have been used to measure surface areas for
molecular sieve zeolites including the BET method. However, the BET method gave much lower
results than other techniques. The use of the Langmuir isotherm may be the more appropriate
method. A simplified method can be used in which V, (volume of a monolayer of gas adsorbed)
is mecasurcd at a low rclative pressurce on the order of 0.02.

External surface area mcasurcments arc of importance in understanding the catalytic activity
and adsorption properties, since the external surface contributes only to nonselective reaction or
adsorption proccsses.158 The external surface arca of molecular sicve zeolites has been measured
by (a) the filled-pore method, 159161 (b) modificd BET mcthod using large molecules, or (c)
clectron microscopy. The shape and size of the zeolite crystals can be measured by SEM; however,
the external geometric surface arca can be calculated only when the crystals are discrete and
rclatively homogeneous.  Benzene or n-hexane, thought to diffusc freely within the pentasil
frameworks, can access all the active surface. Thus the external surface area can be measured by
the BET method when the pores are filled with benzene or n-hexane so as to cxclude the

adsorptive from the internal surface of the zeolite.

Intracrystalline Dilfusion in Zeolites

When porous matcrials arc exposed to the gas phase, two well-known regimes are defined
in classical diffusion theory. Onc is the ordinary diffusion regime for which the mean free path of
the gascous molecule is smaller than the pore size of the porous matcrial. It turns out that the
diffusivitics arc cqual to the ordinary gaseous diffusion coefficients rcduced by the porosity. As
the pore sizc becomes smaller than the molecular mean frce path, there is a transition to the

Knudsen diffusion rcgime, where the diffusivity is inverscly proportional to the pore dimension.




Crystalline zeolites with their regular, rigid, and defined void structures have introduced a
third regime. Weisz162 has termed it as the configurational diffusion regime. Here, intracrystalline
diffusion is affected by the matching of the shape, size, and configuration of the diffusing gas to
the corresponding parameters of the zcolitc framework. It is believed that this type of
intracrystallinc diffusion plays a major rolc in shape sclective zeolite catalysis. The rate of the
shape selective catalysis might be cxpected to be controlled by the rate of diffusion rather than by
any catalytic phenomenon.lm’164

Molecules with sizes similar to or slightly larger than the zcolite pores can usually diffuse
through the pore structure duc to the molecular vibrations (molecular shape and configuration can
change in time) or breaching of the zeolite pores (bond cleavage followed by reconstruction of the
hond).20

The size, charge, position in the zcolite framework, and conccntration of the exchanged ions

may influence the diffusion characteristics of the zeolite framcwork. The gcometry and dimensions

of the channel network and crystal shape of the zeolitc may also govern dilfusion in zcolites.

Shape Selective Zeolite Catalysis

Types of Shape Selective Zeolite Catalysis

Shape sclective catalysis using zcolitcs is based on the locus of active catalytic sites in the
intracrystallinc pore system, which is very uniform in one or more discrete dimensions. Therefore,
shape sclectivity may be achicved by virtue of gecometric factors, Columbic field interaction, and
difference in diffusion rate.195  Molecular shape sclective catalysis can be divided into several

major classcs: reactant selcctivity, product selectivity, restricted transition state selectivity, and

molecular traffic conlrol.38'155'166'167
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Reactant Selectivity: Reactant or charge selectivity occurs when some of the molecules in
a reactant mixture are too large to be able to diffuse freely within the intracrystalline volume of

the zeolite because of diffusion constraints, selective sorption, or molecular sieving effects.

Product Selectivity: Product sclectivity occurs when the products of the reaction formed
within the pores are too bulky to diffusc to the exterior surface of the catalyst where they can be
observed. The bulky molecules are either converted to less bulky molecules by cracking or

equilibration or deactivate the catalyst by blocking the porcs.

Restricted Transition State Selectivity:  Restricted transition state molecular shape
sclectivity occurs when local configuration constraints prevent or limit the formation of a given
transition statc. Reactions rcquiring smaller transition states proceed unhindered. Neither reactant
nor product molecules is prevented from diffusing through the pores.

An cxample is the high selectivity of the zcolitc ZSM-5 based xylenc isomerization
proccss.155 The ratio of the rate constants for the bimolecular disproportionation (o
trimethylbenzenc and toluene compared with t° ¢ isomerization to other xylenes (kisom/kdisp) is

highcr for ZSM-5 than that for HY or H-Mordcnite zceolites by 10 - 100 times. It is clear that the

narrower pore zeolites restrict the bimolecular reaction duc to steric hindrance.

Molecular Traffic Control:  Thc concept of molecular traffic control shape selectivity
developed from studics of single component adsorption measurcment in ZSM-5 type zeolites. 168
As discusscd previously, zeolitc ZSM-5 has two types of channel systcms, one system is sinusoidal
whercas the other is straight. It was obscrved that molecules such as p-xylene and 3-methylpentane

arc restricted to the straight channel whercas linear molecules such as n-pentane and n-hexane can

diffusc easily through both types of channels. This has led to the proposal that reactant molecules
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may enter zeolite ZSM-5 preferentially through one set of channels and the products leave the
zeolite by a different set thus minimizing counter diffusion. The general concept of molecular
traffic control still requires definitive experimental evidence before it is generally accepted.
Reactions that may exhibit molecular traffic control sclectivity include benzene alkylation with
cthylenc and toluene alkylation with mcthanol over ZSM-5.169 The higher activity of p-xylene
alkylation by methanol in ZSM-11 comparcd with ZSM-5 may also be due to molecular traffic

control.r70

Coking on Shape Sclective Zeolite Catalysts

The formation of coke is often acid-catalyzed and it is therefore a major concern when
using acidic zcolite catalysts. Understanding the mechanisms that control coking, and its effect on
catalytic properties such as selectivity and activity, is esscntial for catalyst sclection and process
design.

The low ratc of deactivation of ZSM-5 in a number ot industrial processes has been
attributed to the dimensions of the pores that sterically hinder the formation of coke precursors
or intcrmediates and to the relatively low density of acid sites. 1 71-177 Generally, zcolites with
noninterconnccting uniform channcls or noninterconnccting nonuniform channels will age more
rapidly than their counterparts with intcrconnecting channcls or cages. Interconnected pore
nctworks offer a greater number of pathways to the active sites through wiich molecules can
diffusc randomly, thereby decreasing the number of active sites in the blocked pore. The
occurrence of cages in noninterconnccting or intcrconnecting networks provides room to
accommodate initial coke formation without immediate blocking of the pores. These deposits may
grow to a size greater than the pore or window aperture, leading to a situation in which the

catalyst cannot be regencrated under mild conditions. 175176 A qualitative description of aging by
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pore blockage has been proposed for the case of increasing coke content.170 The effect of pore
mouth blockage is to reduce the rate of entrance of reactants into the crystallites, to increase the
tortuosity of diffusion paths to and from the active sites, and to reduce the intrinsic number of
accessible sites.!’8 The effccts of coking modcs, pore mouth restriction and bulk restriction
(intcrnal coking) are to reduce the diffusivity of rcactant and product molecules as a result of the

reduction of the effective diamctcr of the p()rc.175

Applications of Shape Selective Zeolite Catalysts
in Industrially Significant Processes

Methanol-to-Gasoline Process

A large varicty of acidic catalysts can be used for the conversion of mcthanol to

16 17,38,155,179-202

hvdrocarbons. The usc of zcolite ZSM-S as an acid catalyst is particularly
altractive as it offers a new and variable route for the direct production of high-grade gasoline from
mcthanol which can be produced from coal or natural gas. The shape sclective propertics of ZSM-
5 catalysts arc the basis for thc Mobil Mecthanol-To-Gasoline (MTG) process.  Among the
advantages of ZSM-S catalyst arc the following: it forms less coke than the other catalysts due to
transition state sclectivity, and it produccs hydrocarbons in a rather narrow compositional range.
The MTG processes capable of converting methanol to hydrocarbons and water: the maximum
hydrocarbon yicld is 44 wt. percent with the balance, 56 wt. pereent, being water.  Hydrocarbons
produced over ZSM-5 include parallins (60-67 percent), olefins (6-8 percent), and aromatics (27-
32 percent).

The methanol rcaction over ZSM-S catalyst involves a scries of consecutive steps. Chang
190

and Silvestri® ™ proposcd that the reaction associated with the production of gasoline boiling range

hydrocarbons procceds according to the following simplified reaction scheme:
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Paraffins
2 CH30H ~— CH30CH;3 -—~ C27-C5~ -~ Aromatics (3-2)
Cycloparaffins
Cg' Olefins
Methanol is converted first to dimcthylcthcr (DME). This step is very much faster than the
subscquent steps. The rcaction pathway that accounts for the first C-C bonds formed from
methanol or DME, ti.e., the crecation of a covalent bond between two Cl units to form a Cz
species, is still unresolved. The species involved in this step is probably a cationic C; fragment,
and the product is most likcly cthylene, or possibly propylenc.  This initial olefin is further
converted to longer aliphatics that later cyclize, dehydrogenate to form aromatics that are alkylated
by mcthanol or shorter olefinic intermediates. These reactions stop at durene because there is no
space to form larger polyalkyl-aromatics at ordinary processing conditions. It should be noted that
durcne formation can be minimized by controlling catalyst and process conditions.203  Additional
rescarch has shown that variations in opcrating conditions and catalyst modification can sclectively

produce specific hydrocarbon classes. 10

Mecthanol-to-Olefins and Distillates

The mcthanol conversion process can he modificd to produce light olefins (MTO) before
the C, - C4 olcfinic intermediates arc converted to higher molccular weight paraffins and aromatics
by using a low acidity ZSM-52M il borosilicate zeolites and pentasil aluminosilicates treated
with HF have also been reported to be cffective in the MTO proccss.205 The borosilicate catalysts
arc less active than the aluminosilicate ones and convert methanol to propylene. The fluoridated

aluminosilicate pentasil converts mcthanol to cthylenc.
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The Mobil Olefins-to-Gasoline and Distillates (MOGD) process converts light olefins to a
whole range of liquid products. The products are either gasoline or jet and diesel fuels or even
No. 2 fuel oil. Approximately 100 percent high quality gasoline in the "gasoline mode" and 80 -
90 percent jet and diesel fucls plus 10 - 20 percent gasoline in the "distillate” mode can be

produced in the MOGD process.200

Middle Distillate and Lube Qil Dewaxing

Middle distillate and lube oil dewaxing processes arc based on the principle that long-chain
lincar and slightly branched hydrocarbons are sclectively hydrocracked from the feedstock. Thus
the concentration of lincar paraffins is reduced and the pour point, cloud point, and freeze point
ol the product liquids are decreased. The reductions in these properties are related to the fact
that lincar and slightly branched hydrocarbons have higher melting points than highly branched
hydrocarbons and hence give rise to higher pour, cloud and frceze points. Shape sclcctive catalysts
can rcmove the normal paraffins without appreciable conversion of the other compone.nts.207

Hydrodewaxing processes remove waxy paraffins from intermediate and heavy gas oils (diesel
fucl and heating oils) and lube oil base stocks by converting them to gasoline and LPG fractions.
The Mobil distillatc and lube oil dewaxing proccsse5208'2“ usc HZSM-5 catalyst. The catalyst
may contain a hydrogenation component such as Ni, Zn, or Pt. The catalyst in the similar British
Pctroleum Process is platinum supported on hydrogen mordenite.212

The middle distillatc dewaxing process (MDDW) developed by Mobil is a fixed bed
pr()ccss.210 The process decreases the pour point of the product by 30 - 40 K. The by-product

gasolinc has a rclatively high octane number and therefore it may be added to the gasoline pool

without further reforming.
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.«ming Process

The Mobil Selectoforming process,213 developed in the mid-sixties, introduced an additional
processing step to the usual reforming process in which the low octane paraffins are selectively
removed by hydrocracking to propane and light gascs. The catalyst (erionite) could be placed in
the bottom of the last reforming reactor or in a separate reactor.

M-forming,214 developed by Mobil Oil Corporation, is more sophisticated than
Selectoforming. The process is basically the same with the catalyst being changed from erionite
to ZSM-5. The ZSM-5 catalyst can admit singly branched paraffins as well as simple aromatics
such as benzene and tolucne. The larger channel size permits the removal of the second lowest
octane components, the sing{e branched paraffins, by hydrocracking. Furthermore, the aromatic
species arc alkylated by the olefinic component of the cracked product. The alkylaromatics
contribute to octane number and reduce the loss of cracked products to gas, thus increasing the

liquid yield.

Alkylation of Aromatics

Benzene Alkylation

Alkylation of benzene with cthylene yields cthylbenzene followed by the dehydrogenation
process to produce styrene. The Badger-Mobil vapor phasc cthylbenzene process uses ZSM-5
catznlyst.215 The process relics on the unique shape sclective properties of ZSM-5S catalyst.
Multiple beds of catalyst arc uscd with benzene and cthylene being added between the beds for

tcmpcerature control.
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Toluene Alkylation
' Toluene can be alkylated with ethylene to give ethyl-toluene over ZSM-5 catalyst. The
desired p-ethyltoluene is formed preferentially because the catalyst can direct the reaction based
on the very small difference in thc molecular dimensions cither by rate of formation (controlled
by transition state selectivity) or rate of diffusion out of *he pores.

Techniques for modifying thc porc openings of the ZSM-5 catalyst by means of
phosphorus,216 boron,217 and magnesium218 have been reported. It is noted that production of
o-ethyltolucne, the largest isomer, was essentially climinated. The selectivity for p-ethyltoluene is
significantly improved with these catalysts.

The [ormation of p-xylene in excess of equilibrium values from toluene alkylation with
mcthanol has been reported over a phosphorus or magnesium modified ZSM.5.219.220 Although
all thrce isomers arc formed at equilibrium concentrations within the pore structure, the p-xylene
can *{Tuse out of the catalyst approximatcly 104 times faster than the other isomers thus shifting

the cquilibrium within the catalyst pore structure in favor of p-xylene.

Toluene Disproportionation

Tolucne disproportionation, the transalkylation of two moles of tolucne to onc mole each
of xylene and benzene, has been practiced commercially for a number of ycars.2“’220'222 The
catalyst is ZSM-5. Tolucne can be converted with high sclectivity to benzene and xylene.223
Shape sclectivity of the catalyst also helps to minimize coking and the formation of higher

molccular weight hydrocarbons.

74




Xylene Isomerization

The xylene isomerization process is the conversion of m- and o-xylenes to p-xylcne.224’225

Zeolite ZSM-5 has been applied to this reaction in which it should be possible to influence the
direction of the reaction by modifying the pore structure. Modifications of the pore structure by
incorporation of boron, magnesium, phosphorus, antimony or by controlled coking can be expected
to improve the product distribution duc to shapc sclective effects. 195,226-228 Improvements on
the commercial process by steaming the ZSM-5 or adding alkali ions or by using higher SiO,/Al,04

ratio zeolites have also been rcpnrtcd.229

Preparation of Zeolites ZSM-5 and ZSM-48

Preparation of Zeolite ZSM-5
The preparation of the ZSM-S class of zcolites used in this investigation was based on a

mcthod patented by Argauer and Landolt.30

The general preparation scheme used for the
synthesis of ZSM-S is presented in Figure 13. Silica (22.9 g) was partially dissolved in 100 cm3 of
I N tetrapropylammonium hydroxide (TPAOH) or 2.18 N tctrapropyl ammonium bromide (TPABTr)
by hcating the solution to a temperature of approximately 353 K with magnetic stirring. A solution
of sodium aluminate and deionized water was added to the silica solution at 353 K with magnetic
stirring. The mixture was placed in a Teflon beaker and heated in an autoclave (capacity 1000
liters) at 453 K (or 433 K) for six days (or 10 days) without stirring. Thc resultant solid product
was filtcred, washed with about 1000 em3 of distilled water and dricd at 383 K for 16 hours. A
portion of this product was subjccted to X-ray diffraction analysis to detcrmine the crystalline

naturc of thc zeolite. The product was then calcined at 813 K in air for 16 hours prior to

maodification by ion exchange.
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Step 1:

Step 2:

Step 3:

Step 4:

Step S:

Step O

Step 7:

Step 8:

The organic cation (TPAOH or TPABr) was dissolved in water at 353 K with
magnetic stirring to form Solution A.

Silica was partially dissolved in Solution A * 353 K with magnetic stirring to form
Solution B.

Sodium aluminatc was dissolved in water at 353 K with magnetic stirring to form
Solution C.

Solution B was mixed with Solution C at 353 K with magnetic stirring to form
Solution D.

Sodium hydroxide was added to Solution D to adjust the pH value to ~12 at 353
K to form Solution E.

Solution E was transferred to an autoclave and was heated in an oven at 453 K (or
433 K) for 6 days (or 10 days) without stirring to produce the
precipitated/crystallized zcolite F.

NaZSM-5, as synthesized, was filtcred and washed with distilled water. The sodium-
form of ZSM.-5 was then dried at 383 K for 16 hours and caicined at 813 K for 16
hours to produce Solid G.

The NaZSM-§ was cxchanged using ammonium nitrate to producc the hydrogen-
form of ZSM-S.

Figure 13

Procedure for the Synthesis of ZSM-5
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PROCEDURE FOR SYNTHESIS OF HZSM-5

Si02 Base + Water [—'NaAIOZ + Water
353 K | 353 k
TPAQH/TPABr
353 K
353 K
pH ~ 12
NaOH
464 K
Autoclave 453 K

Dried/383 K

NaZsM-5 Calcined/813 K

NH4N03/298 K

NH4ZSM-S

Calcined/813 K

HZSM-5
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Zeolite ZSM-5 in the hydrogen form was prepared by two procedures. The first method
consisted of crystallizing the sodium form of ZSM-5 at 425 K (or 453 K) from a gel containing
organic cations (TPABr or TPAOH). The sodium form was subsequently exchanged three times
with a 1 N NH4NOj solution at 298 K. The NH4ZSM-5 was then heated for 16 hours at 813 K
to obtain the hydrogen form of the catalyst, HZSM-5.

A direct method for prcparing HZSM-S with thc same structure as indicated by X-ray
diffraction patterns has also been investigated. The zeolite crystals are formed using 1,6-diamino-
hexane (C6DN) as the organic cation from a sodium-free gel, which after calcination in air at 1023
K dircetly gives the hydrogen form without an intermediate ion exchange. The procedure for the
dircet synthesis of the hydrogen form of ZSM-5 is presented in Figure 14. The zeolite obtained

m this way is designated as HZSM-5D.

Preparation of Zeolite ZSM-48

ZSM-48 can be preparcd from a reaction mixturc containing a source of silica, an organic
compound (1,6 hexanc-diaminc (C6DN), 1.8-diaminooctanc (C8DN) or 1.12-diamino-dodecane
(CI2DN)) having an aminc functional group with Pka > 7, and an alkali mctal oxide (sodium
oxide) with or without a sourcc of alumina and water. The procedure for synthesis of ZSM-48
is presented in Figure 15, The composition ranges for the compounds comprising the reaction
mixturc arc prescnted in Table 21 in terms of the mole ratios of the oxides. The mixture was
maintained at 453 K in a stainless-steel autoclave until crystals of ZSM-48 werc formed. The
sodium-form of ZSM-48 was subscquently exchanged three times with a 1 N ammonium nitrate
solution at 298 K. The ammonium-form of ZSM-48 was heatcd for 16 hours at 1023 K to obtain

the hydrogen form of the catalyst.
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Step 1

Sep

Step

Step

Step 5

Step

vd

5102 Base + Water Alz(504)3 + Water

T
1 A 3
|

|

Autoclave S5
E
1
HZSH4-5 6

An organic cation (C6DN) was dissolved in water at 353 K with magnctic stirring
to form Solution A. '

Sitica was partiafly dissolved in Solution A at 353 K with magnetic stirring to form
Solution B.

Aluminium sullite was dissolved in water at 353 K with magnetic stirring to {orm
Solution C.

Solution B was mixed with Solution C at 353 K with magnetic stirring to form
Solution D.

Solution D was transicrred to an autoclave and was heated in an oven at 453 K flor
2 days without stirring to produce the precipitated/erystallized Zcolite E.

The HZSM-5. as svnthesized, was filtered and washed with distilled water. The
hydrogen-form ol ZSM-5 was then dried at 383 K for 16 hours and calcined at 813
K lor 16 hours.

Figure 14

Procedure for the Direct Synthesis of
the Hydrogen-Form of ZSM-5
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Step 1:

Step 2:

Step 3:

Step 4:

Step 5:

Step 6

Swep 7T

Step 8:

An organic cation (C6DN or C8DN) was dissolved in water at 353 K with magnetic
stirring to form Solution A.

Silica was partially dissolved in Solution A at 353 K with magnetic stirring to form
Solution B.

Sodium aluminate was dissolved in water at 353 K with magnetic stirring to form
Solution C.

Solution B was mixed with Solution C at 353 K with magnetic stirring to form
Solution D.

Sodium bromide was added to Solution D to adjust the sodium concentration at a
temperature of 353 K with magnctic stirring to form Solution E.

Solution E was transferred to an autoclave and was heated in an oven at 453 K for
2 days without stirring to produce the precipitated/crystallized Zeolite F.

The NaZSM-48, as synthcsized, was filtcred and washed with distilled water. The
sodium-form of ZSM-48 was then dricd at 383 K for 16 hours and calcined at 813
K for 16 hours.

The NaZSM-48 was exchanged using ammonium nitrate to produce the hydrogen-
form of ZSM-48.

Figure 15

Procedure for the Synthesis of ZSM-48




Si0

PRO

CEDURE FOR SYNTHESIS OF HZSM-48

Base + Water

NaA]OZ + Water

NaBr

353 K
CSo0N/CSDN 353 K
383 K
353 K
353 K
Autoclave 453 K
Dried/383 K
NaZsSM-48 Calcined/813 K

NH4NO3/298 K

NH4ZSM-48

Calcined/813 K

HZSH-48
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Table 21

Composition Ranges in Terms of Mole Ratios for
the Synthesis of ZSM-48

Reactants Broad?’ Preferred’’ This work
Al,04/Si0, 0 - 0.02 0 - 0.01 0.025 - 0.005
Na/SiO, 0-2 0.1- 1.0 0.6 - 0.3
RN/SiO, 0.01 - 2.0 0.05 - 1.0 03 - 0.1
OH'/SiO, 10-100 20-70 40
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Characterization of Synthetic Zeolites

Elemental Analysis of Synthetic Zeolites
The elemental analysis of the synthetic zeolitcs was determined using an electron
microprobe method in an EMX-SM Spectrometer (Model-121000, Applied Research Laboratories,
Inc). A wavelength dispersive X-ray dctection system (WDS) was used in this microprobe.
Lithium fluoride (LiF) crystals with precise d-spacings arc uscd to diffract narrow band X-ray
wavelengths into the detector (Extron or Flow). The signals produced are then amplified and

counted.

X-ray Diffraction

The structurcs of the synthetic zcolites were investigated using X-ray diffraction. A Phillips
Norcleo Electronic Instrument X-ray Diffractomcter was used in this study. The incident beam was
CuK_ X-ray radiation with a wavelength of 0.15405 nm. The dilfracted X-ray was detected by an
ionization chamber that could be rotated to determine the angle for constructive interference. The
intensity of the diffracted X-ray was mcasured synchronously as the goniomceter of the X-ray
dilfractometer rotated.

The synthetic zcolites were ground to a fine powder and placed in an aluminum sample
holder.  X-ray diffraction patterns were measured from 10° to 50° (24) at a scanning speed of
2°/min. The X-ray diffraction pattern of a ZSM-5 (ammonium-form) sample provided by the Mobil
Rescarch and Development Corporation was also determined for comparison with those of the

synthetic zeolites prepared for this study.
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Thermal Desorption

A schematic of the microreactor system that incorporated a thermo-conductivity detector
to monitor feed and product streams is presented in Figure 16. The microreactor/TPD (MCR)
apparatus was uscd to study normal-hcxanc cracking (a-tcst), the isobutane isomerization,
tempcerature-programmed ammonia desorption, and alcohols conversion reactions.

Zeolite catalysts werc saturated with ammonia by flooding the samples with a flowing stream
of 5 percent ammonia/nitrogen for at least 30 minutcs at room temperature. The catalysts were
then heated at a lincar heating rate of S K/min in a strecam ol helium and the amount of ammonia

desorbed was continuously monitored by the thermal conductivity detector to give the TPD spectra.

Infrared Spectroscopy

Mcthanol adsorption and its subscquent reactions on zcolitcs ZSM-5 and ZSM-48 were
studicd using a diffuse reflectance infrared cell. The infrared cell (Figurc 17) was uscd in a Digilab
FT-IR spcctrometer (model FTS-40). Zcolitc samples were pretrcated in flowing helium at 773
K for two hours. Since the optical path of the cell is very short, the spectra of adsorbed surface
specics can be measured in the presence of the reactant vapor.

The infrarcd spectra were measured during reaction and/or after pulse methanol injection
with zcolitc catalysts. The thermal desorption of methanol from ZSM-S and ZSM-48 was also

studicd using the diffuse reflectance FT-IR method.
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SEM and the Morphology of Zeolites
The morphology of the zeolites prepared in this investigation was examined with an Hitachi
S-530 Scanning Electron Microscope equipped with an X-ray detector (PGT System IV). The

vacuum in the specimen chamber was bclow 5x10°6

torr. Samplcs were mounted on aluminum pegs

and coated with a thin film of gold. For small particles analyzed directly on the support, the

particle thickness was assumed to be roughly the samce as the lateral dimension of the particle.
Energy Dispersive Analysis of X-ray (EDAX) is a rapid semiquantitative method for

clemental analysis. Usc of this system (PGH System V) in conjunction with the SEM provides

a powerful analytical tool for examining catalyst surfacces.

Channel Structure
The pores of ZSM-5 and ZSM-48 have openings of about 5.5 A. They can admit linear
and slightly branched paralffins, and simple naphthenes and aromatics. Isomcrization of isobutane
was studied at 623 K with a hydrogen/isobutane molar ratio of four in the microreactor to

investigate the naturc of the pore/channcl structurcs of ZSM-S and ZSM-48.

Acidity
The cracking of n-hexanc provides a suitable test reaction for measuring the acidity of the
ceolites since n-hexane is free of diffusion limitations for both zcolites ZSM-5 and ZSM-48.
Mcasurcments were carricd out with n-hexanc in a continuous flow microreactor at temperatures
at which the conversion is above 5 percent, for accuracy of mcasurement, and below about 40
pereent to avoid complications due to rcactant and/or product transport limitations. The hexane

cracking activitics of crystalline aluminosilicates including HY, ZSM-5, and ZSM-48 were

investigated.
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Surface Area

The adsorption of nitrogen on the synthesized zeolite catalysts was measured by the
volumetric adsorption method in a glass vacuum system (Figure 18). The apparatus consists of a
diffusion pump (modcl PMCS-4B, CVC) backed up with a mechanical vacuum pump (GCA
Precision Scientific 25 1/3 hp). The background pressurc was monitored with a Penning Vacuum
Gauge (Model GPH-320C, CVC) and was of the order of 104 torr. The pressures during the
volumetric adsorption were measurcd using a MKS Baratron Absolute Pressure Gauge (Type 222B,
0-1000 Torr). A morce detailed discussion of surface arca mcasurement, the experimental apparatus,
and the treatment of the data are presented in Section VIII and in the Appendices.

The external and internal surface areas of the zeolites were measured using the n-hexane

hilled-pore method. 157

Calcined zcolite samples were hcated in vacuum at 623 K for eight hours.
The amounts of adsorbed nitrogen molecules at 77 K were measured both before and after n-
hexane filling of the pores of the zeolite samples. The dead volume of the system was measured
and calculated from the frece expansion of ncon at room temperature and 77 K

Reactivity of Methanol and Higher
Alcohols over Zeolites

The activity and sclectivity of the synthesized zcolites for alcohol conversion were studied
in a stainless steel flow microreactor at a total pressure of one atmosphere and gencrally at 643
K. The catalysts (onc gram reactor charge) were activated in flowing air for four hours at 773 K
followed by cooling to the reaction temperature in helium. The reactant mixtures (flow rate of 30
cm3/min) were fcd to the reactor in a helium strcam that had been saturated by passing the helium
through a bubblcr containing the alcohols at room temperaturc. The reactor effluent was analyzed
by gas chromatography method in a Hewlett Packard Chromatograph (Model 5830) using an SP-

2100 or Chrosorb-102 column.
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Figure 18. Volumetric Adsorption System for BET Surface Area
Measurement
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A fixed-bed flow reactor system (Figure 19) was used to study the reaction of methanol
over ZSM-5 and ZSM-48 catalysts. The product from the catalytic reactor was cooled in a high-
pressure separator. Light gases were metered through a wet test meter. An X-Y recorder was
used to record and measure the temperaturc of the catalyst bed during reaction. The feed was
purc methanol (rcagent grade). The liquid products were analyzed using an SP-2100 column while
the gaseous products were analyzed using a Chrosorb-102 column. A flame ionization detector was
used in both cases.

A dual-stage process (Figurc 19) was also studicd. The product from the first reactor was
conducted to a gas-liquid separator where the light gascs were separated from water and liquid
product. The light gases were compressed with a Whitey compressor (Model No.
SKCH9FGIHI01EX, 1/2 HP) to the inlct pressure of the second reactor where the light gases

reacted to form aromatics over ZSM-S.

Chemical Supplies

A listing of the chemicals and materials used in this work is presented in Table 22.
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Table 22

Chemicals Used in Catalyst Preparation

Chemical Application Purity Source
Tctrapropylammonium Hydroxide  ZSM-5 prep. 1M Aldrich
Tetrapropylammonium Bromide ZSM-5 prep. 98% Aldrich
Sodium Aluminate ZSM-5/48 prep. pure Amend
Aluminum Sulfate ZSM-5 prep. BG Baker
Aerosil 200 ZSM-5/48 prep. - Degussa
Silica ZSM-5/48 prep. G-12 Aldrich
Sodium Bromide ZSM-48 prep. GR EM Sci.
Sodium Hydroxide ZSM-S prep. BG Baker
Indium Nitratc ZSM-5/48 99.999% Aldrich
1.6-Hexanediamine ZSM-5/48 98% Aldrich
1.8-Diaminooctane ZSM-48 98% Aldrich
1.12-Diaminododecane ZSM-48 98% Aldrich
Ammonium Nitratc lon exchange ACS Aldrich
n-Hexane a-test HPLC G. Mallinckrodt
[sobutanc Isomerization 99.5% Union Carbide
Ammonium Gas TPD 5% Liquid Air
Mcthanol TD & Rcactions Spect. G. Mallinckrodt
Ethanol Rcactions Spect. G. Aldrich
n-Propanol Rcactions Analy. G. Mallinckrodt
i-Propanol TGA/TPD Spect. G. Fisher
n-Butanol Reactions Analy. G. Baker




Section IV: SELECTIVE SYNTHESIS OF AROMATIC HYDROCARBONS
OVER ZEOLITE CATALYSTS

Research Personncl: Hong Paul Wang
Graduate Student

Francis V. Hanson
Associate Professor

Laboratory Preparation of ZSM-5 and ZSM-48 Zeolites

Synthesis of ZSM-5

ZSM-5-type zeolites were synthesized  hydrothermally in  this investigation.  The
crystallization of zcolites from hydrogels includes nucleation and crystallization (crystal growth)
processes.  The nucleation process is defined to be the formation of the initial crystalline phase.
Virtually no information can be found regarding the detailed mechanism of formation of the
ultraline particics (diameters approx. 1-10 nm) in the nuclcation process. Thus crystal growth is
defined as the process that takes place after SO percent conversion of the original solution to
crystalline matcrial.

The composition of zeolite ZSM-5b in terms of mole oxide ratios of components was
6TPA-2Nay0-Al03-215i0,5-460H50.  The source of silica was Acrosil (Degussa). The crystal
formed after 6 days at a temperaturc of 423 K and an autogenous pressurc of 13 atm was
cxamined using the X-ray diffraction mcthod. The crystalline material was identified as ZSM-3.
A comparison of the X-ray diffraction pattern of ZSM-5b to that of Mobil ZSM-5 (ZSM-5M)
and amorphous SiO, is presented in Figure 20. The patterns indicate that the ZSM-5b synthesized

at typical rcaction conditions has a crystalline structure similar to ZSM-5M.

93




' 1 ) i
i
—
-
=
=
£
H |
= |
- (|
= i
1
]
|
{ Zsr-S
]
{
[}
‘\
\ A Is-Sb
LY s\ :
~s
(ec) Amorphous Sloz
| L] t [ [}
28 295 24 22 20

Degree 26, Cuky

Figure 20. X-ray Diffraction Patterns for ZSM-5
(a) Mobil Standard ZSM-5
(b)) Synthesized ZSM-5
(c) Amorphous SiO2




o

The elimination of the organic cations such as tetrapropyl ammonium (TPA) ion from
ZSM-5 was studied by differential scanning calorimetry (DSC). The DSC pattern obtained in air
with the sodium form of ZSM-5b is presented in Figure 21. The broad exotherm between 630
and 820 K in the DSC profile is belicved to be associated with the decomposition of the TPA
ions. The profile indicatcs that the minimum temperature nccessary to insure complete removal
of the TPA ions was around 820 K. Thus it was concluded that the ZSM-5 synthesized in the
presence of TPA ions can be activated by calcination at a temperature of 823 K. After calcination
at 823 K for 16 hours, thc synthctic ZSM-5 was a white crystal.

The influence of synthesis reaction variables on the synthesis of ZSM-5 was also
investigated.  The X-ray diffraction pattern of the Mobil ZSM-S sample was used as the standard
tor characterizing the ZSM-5 zcolites prepared in this investigation. The degree of crystallization
(crystallinity) was estimated by comparing the area under the X-ray diffraction bands (26 = 22 -
25°) to that of ZSM-5M. The ZSM-5M was taken as the standard and was assumed to cxhibit

100 percent crystallinity.  The crystailinity was calculated from the following rclationship:

Aiciroony = Peak arca (29 =22-25) of ZSM-5 i
Crystallinity(%) peak arca (26=22-25) of ZSM-sM " '™ (4-1)
The crystallinitics of the various ZSM-5 zcolites synthesized in this study are presented in Table
23. It should bc noted that the crystallite sizes were about the same (crystallite sizes should be
about the same [or the two samples if the crystallinity equation is to be valid) for ZSM-5M and

zeolites ZSM-5 synthesized by using TPA cations.
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Table 23

Degree of Crystallinity of Synthesized ZSM-5 Samples

Zeolite Reaction Conditions Cation® Crystallinity?
T P Time %
(K) (atm) (days)
ZSM-5M - - - - 100
ZSM-5a 425 11 6 TPAOH 86
ZSM-5b 425 11 10 TPAOH 91
ZSM-Sc¢ 453 1 6 TPAOH 70
/SM-5d 453 13 6 TPAOH 99+
Z.SM-5¢ 453 i3 6 C6DN 95
ZSM-5D 453 13 6 C6DN 95
ZSM-5(70) 453 13 6 TPABr 99+

Cation Identitics

TPAOH Tetrapropylammonium hydroxide
C6DN 1.6-hcxane-diaminc
TPABr Tetrapropylammonium Bromide

The composition of synthetic ZSM-§
ZSM-5 a-d  6TPA-2Na,O- -Al503-21Si0,-460H,0
ZSM-5 ¢ 6C6DN- "NdzO AIZO3-ZlS| 2-460H,0
ZSM-5D 7T0C6DN- ONazo -AlyO3- 7OS|O -2800H,0

Crystallinity computcd from the following cquation:

N _ _peak area (2.=22-25) of ZSM-S
Crystallinity (%) = ~joak area (20=22-25) of ZSM-5M *100
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The autogenous pressure, due to the evaporation of the mother liquor that built during
the synthesis of ZSM-5c at 453 K, was repeatedly relcased until atmospheric pressure was attained
(> 6 days). The ZSM-5 sample produced in this experiment had a crystallinity of 70 percent.

Rollmann96

indicated that the initial molc ratio of water-to-silica in the reaction mixture strongly
influcnces the mechanism and rate of crystallization of ZSM-5. It is presumed that the nucleation
process was nearly complete during the carly stages of the synthesis of ZSM-5c. The subsequent
crystallization process may have been retarded due to the lack of hydrolysis in the reaction mixture
thus preventing the formation of the ordered, three-dimensional network of ZSM-S5.

Digestion time and digestion temperature also influence the structure of the synthesized
rcolite. Highly crystalline ZSM-5 was obtained at reaction temperatures of 453 K. Low
«rystallization temperatures, ¢.g., 425 K and below, do not favor the formation of high crystallinity
7SM-5. Furthermore, if ZSM-5 remains in prolonged contact with the mother liquor at 425 K,
a higher crystallinity ZSM-5 can be obtained in 4 days (Table 23).

It is belicved that the organic content of {Na,TPA}ZSM-5 corresponds to onc TPA ion
per channel intersection and represents the maximum amount of the ion that can be encapsulated
in the ZSM-5 structure. 1.6-Hexance-diamine (C6DN) is smaller and less hydrophobic than TPA.
It scems likely that the packing of the C6DN in the ZSM-5 framework is not as highly ordered
as that of the TPA ion. The accommodation of the cations in the structure provides little
indication of the mechanism by which the organic host specics influence the final structure of the
zeolite, since both organic cations gave crystalline ZSM-5 (Table 23). However, it is well-known
that the TPA ion causes the formation of ZSM-5 with a wide range of reaction mixture
compositions and this may indicatc that TPA ion is a strong structure directing specics. It should

be noted that the crystallization of ZSM-5 is determined by factors other than the availability of
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a suitable template cation. C6DN seems to have the ability to promote the crystallization of ZSM-
5 in the absence of sodium ions. A comparison of the scanning electron microscope (SEM) images
of ZSM-S synthesized in the presence of C6DN and TPABTr is presented in Figure 22. The images
indicate that the crystallite size (~4 um) of ZSM-S synthesized with C6DN was larger than that
(~1 um) of ZSM-S synthesized with TPABr sincc C6DN was found to promote the crystallization
of ZSM-5. However, it is not as cffective as the TPA ion (crystallinity = 95 percent for ZSM-
5D), and it may not be a true template species for ZSM-S.

Scanning electron microscope (SEM) micrographs indicatcd the growth of larger crystals
(cubical aggregates in shape and 0.5 - 2 um in size) of ZSM-5 when using a synthesis mixture
with a lower aluminum content, as shown in Figure 23. Generally, zeolite crystallization is a
nucleation-controlled process occurring in molecularly inhomogencous, alkaline, aqueous gels.
Thus an increcase in crystallization rate is cxpected as the silica-to-alumina ratio is increascd due

1o the fact that the ZSM-$ nuclei is ready to be formed in the high silica content mixture.

Synthesis of ZSM-48
A systematic study of the cffects of the organic templatc and the composition of the
rcaction mixturc on the synthesis of ZSM-48 was also conducted. The synthesis of high-silica
ZSM-48 from a reaction mixture in which the only organic ion was C6DN was investigated. The
rcaction mixture containing C6DN and sodium has shown that the most readily obtained product
is ZSM-5 at a low initial molar ratio (IMR) of SiO5/Al,O3, although at 453 K when the aluminum

content of the reaction mixture was very low (i.e., SiO5/Al,O3 > 200) zcolite ZSM-48 crystals were
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Figure 22. Scanning Electron Microscope Images of HZSM-5.
Effect of Organic Cations on Synthesis
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formed. The reasons for the transition from pure ZSM-5 to a mixture of ZSM-5 and ZSM-48
to pure ZSM-48 are not understood at present. However, it should be noted that ZSM-48 was
initially discovered as an impurity in crystalline ZSM-39.49

A comparison of the X-ray diffraction patterns for ZSM-S with that for ZSM-48 formed
using the same organic cation (i.c., CgDN) arc presented in Figure 24. The most intense peaks
for the two samples are different. The positions of the two pcaks were 26 = 23.8 and 2§ = 21.2
for ZSM-5 and ZSM-48, respectively. This difference makes it possible to distinguish between
ZSM-5 and ZSM-48.

The cffect of the silica-to-alumina ratio on the synthesis of ZSM-48 is shown in Figure
25 It indicates that purc ZSM-48 could be obtained in this investigation only at initial molar
S10+:AlLO5 ratios greater than 200. At an initial molar SiO5/Al,O4 ratios between 25 and 200,
a mixturc of ZSM-5 and ZSM-48 was produced. The SEM image of ZSM-48/5(70), which is a
mixturc of ZSM-48 and ZSM-5, is shown in Figure 26. Interpretation of micrograph indicates
that thc ZSM-5 and ZSM-48 may not be an intergrowth crystal but rather arc a physical mixture
of the two zcolites.

Diffcrent organic cations were also used for the synthesis of ZSM-48. The X-ray diffraction
patterns of ZSM-48 zcolites obtained from two different bascs, namely, CgDN (1,6-hexancdiamine)
and CgDN (octanc 1.8-diaminc) arc presented in Figure 27. The two samples exhibit almost
identical X-ray diffraction pattcrns. The relative intensitics of X-ray diffraction peaks and the
diffraction angles of thc ZSM-48 synthesized in this investigation are compared with X-ray
diffraction patterns for the standard ZSM-48 (data available in reference [72]) which is prescnted

in the insert of Figure 27. The organic cation, C12DN, used in the synthesis of ZSM-48 was not
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Figure 26.
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as effective as C6DN or C8DN for synthesis of ZSM-48. It seems likely that the nature of
synthesis of ZSM-48 is determined by channel filling by the organic cation at the nucleation stage.

The removal of C6DN and C8DN from the synthesized ZSM-48 was studied by DSC.
The DSC patterns for the catalysts preparcd with the C6DN and C8DN bases are presented in
Figurcs 28 and 29, respectively. Neither of the organic cations could be completely removed at
873 K. The organic amines in ZSM-48 werc climinatcd by calcining the samples at 1023 K for 16

hours. White crystal ZSM-48 zeolites were obtained. The effect of calcination temperature on

the thcrmal stability of ZSM-48 is presented in Figure 30. It is clear that the ZSM-48 is a
thermally stable zeolite (up to 1323 K).

The organic cations present in a rcaction mixture are often the major factor in determining
which zeolite structure is obtained. The effcct of the C6DN/SiO, ratio on the synthesis of ZSM-
48 was investigated using X-ray diffraction. The X-ray patterns arc presented in Figure 310 At
an initial molar C6DN/SiO, ratio of 0.1, ZSM-48 could not be produced and the solid appeared
to bc X-ray amorphous. The ability of the organic ion, C6DN, to altcr thc course of the
nucleation process is apparent.  In addition, the cffect of the initial molar Na/SiO, ratio on the
synthesis of ZSM-48, shown in Figure 32, is of intcrest as a structurc-directing function. A
structurc-unknown crystallite, namely ZSM-48X, was obtained at Na/SiO5 = 0.45. However, it is
very likely that ZSM-48 is onc of the components in the ZSM-48X crystallite since all diffraction
pcaks appearing in the X-ray diffractogram of ZSM-48 arc also present in the diffractogram of
ZSM-48X.

The cation is said to have a structure-dirccting function and influences the structure of

the zcolite that forms. In early work using alkali and alkaline earth cations, it was suggested that
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the hydrated cation forms the nucleus of certain sccondary building units.20  For example, the
dehydrated sodium ion influences the formation of a double four ring (D4R) or double six ring
(D6R) and the hydrated sodium cation causes the formation of sodalite units. However, the
relationship between the cation infllucnce on the structure and the cation influence on gel chemistry
is not wcll-understood. The major complication associated with the usc of the cation in the
synthesis of ZSM-48 may bc that its incorporation results in a specific chemical environment could
also affect the nucleation process, and hence the formation, of a particular zeolite, e.g., ZSM-48X.

The initial precipitation of gel and its subscquent conversion to a zeolite may be considered
to be an example of Ostwald’s rule of successive transtormation.230 According to this rule, the
tirst phasc to appear is always thcrmodynamically less stable than the phase that subscquently
replaces it. The first crystals of ZSM-48X to nuclecate and grow from the gel having an initial
molar Na/SiO, ratio equal 10 0.45 could not be replaced in the aqucous reaction mixture by
another crystalline species such as zcolite ZSM-48.  Since the sequence always oceurs in the
direction of ‘acrcasing thermodynamic stability, replacement reactions that lead to the less stable
zeolite ZSM-48X become possible when it is caleined at high temperatures. The cffect of ZSM-
48X calcination temperature on the phasc transformation is shown in Figure 33. The formation
of a thermally stable crystalline specics (sec Figure 33a) was observed at a calcination temperature
of 1323 K. It should be noted that the pure ZSM-48, i.c., ZSM-48(200), was not involved in the
phasc transformation or structural change at 1323 K (shown in Figure 30a). The SEM images of
synthetic ZSM-48X arc presented in Figure 34. It should be noted that the topographics of the
ZSM-48X calcined at 1323 or 823 K did not change significantly. This may result from a

rcarrangement of the framework of ZSM-48X (or phase transformation) at high temperatures,
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(b) Calcined at T = 1323 K {n air for 16 hours

Figure 34. Scanning Electron Microscope Images of NaZSM-48X.
Effect of Calcinacion Temperature
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which may not be distinguished from their topographies directly. A ZSM-48X-type crystalline
material was also obtained from a similar reaction mixture at a crystallization temperature of 503
K. The comparison of the X-ray diffraction patterns for the ZSM-48X at zeolite crystallization

temperatures of 503 and 453 K is prescented in Figure 3S. It appears that in the reaction sequence
amorphous SiO, + ZSM-48X ~ Z (4-2)

the system prefers to descend the ladder of relative thermodynamic stabilities in a series of steps
rather than in a single step. The symbol Z represents a crystalline material of unknown structure.
On the other hand, the necessity of the right gel chemistry in the formation of the zeolite ZSM-
48, and the influence of the gel chemistry on the final crystallinc material, can not be
undcremphasized. The structure-directing role of the alkali mctal cations in the synthesis of ZSM-
48 must also be considered. The crystalline material ZSM-48X was not evaluated catalytically.
The various methods for preparing ZSM-48 result in final products containing substantial
amounts of sodium ion. The sodium form was ammonium c¢xchanged to give the hydrogen-form
of ZSM-48. A comparison of the SEM images of the hydrogen and sodium forms of ZSM-48 is
presented in Figure 36. It was observed that both forms of the ZSM-48 have a similar morphology.
The ZSM-48 crystalline material consisted of rod-like crystals with 0.2 - 0.4 um in width and three-

to-five pym in length.

Chemical Composition
The chemical compositions of the zeolites prepared in this study were measured by the

clectron microprobe analysis (Table 24). In most of thc samples, the molar SiO5/Al;0O4 ratios of
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Table 24

Chemical Composition of Synthesized Zeolites

Zeolite IMR Si0,/Al,0; FMR Si0,/Al,04
ZSM-5M N/A 70
ZSM-5D 70 76
ZSM-5(35) 35 40
ZSM-5(70) 70 74
ZSM-5(105) 105 123
ZSM-48(200) 200 239
ZSM-48(100) 100 104
ZSM-48(70) 70 76
ZSM-48(40) 40 49
Note:

IMR: Initial Molar Ratio

FMR: Final Molar Ratio Mcasured by Electron Microprobe
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the crystalline products were higher than the molar SiO,/Al,O4 ratios of the parent hydrous gels.
Considering the fact that the difference of the 8iO5/Al,O4 molar ratio between reaction mixture
and product is great in these high-silica zeolites, it is presumed that generation of silicon-rich nuclei
would be favored during crystallization and that the presence of aluminum in the reaction mixture

is not always nccessary.

Summary
1. The H-form ZSM-5 can be synthesized directly by the use of diamines as the organic ions.
2. Silicon-rich nuclei of ZSM-5 formed during the initial nucleation process.
3. No dircct cvidence was obtained to indicate that organic ions function as templates for

the synthesis of ZSM-5 or ZSM-48.

4. Zcolite ZSM-48 could only be synthesized at SiO,/Al,O3 > 200 at typical reaction
conditions in this investigation.

5. A nonintergrowth mixture of ZSM-5 and ZSM-48 formed at SiO5/Al,O5 = 70.

6. It is possible that the structure of ZSM-48 was dirccted highly by sodium ions during the

crystallization of the sample.

Characterization of Synthesized Zeolites

Thermal Desorption
Temperature-programmed desorption was uscd to investigate the acidity of the zcolites
prepared in this investigation.  The zeolite samples were reacted with ammonia by exposure to
ammonia for at Icast 30 minutcs at room tcmperature. It is belicved that the strong acid sites
arc complctcly saturatcd with ammonia since one can dctermine the excess weakly adsorbed

ammonia on the high-silica zcolite surfaces. The excess physisorbed or weakly bonded ammonia
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was removed by purging the catalyst with helium. The samples were then heated at a linear rate
of (5 K/min) in flowing helium and the amount of ammonia desorbed was continuously monitored
with a thermal conductivity detector.

The temperature-programmed desorption (TPD) profiles for ammonia desorption from
fresh HZSM-5 (IMR SiO,/Al,O5 = 70) and spent HZSM-5 (following the methanol conversion
reaction) are presented in Figurcs 37 and 38, respectively. At least four discrete features at 410,
480, 700, and 830-860 K were observed corresponding to adsorption on Site I, Site II, Site III, and
Site IV, respectively. Since the interactions between ammonia and Sites I and 11 are weak for both
of fresh and spent ZSM-5, they are attributed to physisorbed ammonia on ZSM-5 surfaces. The
uptakes of ammonia for the fresh ZSM-5 at Site IIT and Site IV are greater than that for the sperit
ZS5SM-5. This indicates that these two sites may be related to the catalytically active centers in
ZSM-5 since they have been partially deactivated in the methanol conversion. It is believed that
sitc 1II and site IV are the Bronsted acid sites and Lewis acid sites, rcspcclivcly.119

The TPD profile for ammonia desorption from ZSM-48 is presented in Figure 39. The
broadcning of the desorption band in the temperature range assigned to Type 111 sites for ZSM-48
may be due to the influcnce of the channcl system of ZSM-48 which could also play a role in
molccular traffic control with desorbed ammonia.  Furthermore, the differences in the ammonia
desorption profiles in the temperature range from 300 to 550 K for ZSM-5 (Figure 37) and
ZSM-48 (Figurc 39) may also indicate a difference of channel structure for these two types of
zcolites. It should be noted that ZSM-48 has an intermediate pore diameter and a two-dimensional

non-intersecting channel systcm.49

121




Rd

v

s L. l P

750 800 850 900 959

i e i

450 500 530 600 630 700

0 : .
250 300 35S0 430

Tempgerature, K

Figure 37. Temperature~Programmed Desorption Spectrum of
Ammonia. Fresh ZSM~5 Catalyst

122




Rd

Figure 38.

, " 2 A

A,

A

250 300 350 400 450 500 £30

Temperature, K

v

600 650 70C 750 800 850 9C

"~
-

Qsd

Temperature-Programmed Desorption Spectrum of Ammonia

Spent ZSM-5 Catalyst

123




Nd

0

Figure 39.

'

Temperature, K

.

.

250 300 350 4c0 450 s0c §20 600 630 700 750 800 850 8cc ¢

Temperature-Programmed Desorption Spectrum of Ammonia

Zeolite ZSM-48/5(70)

124

M

[
-

o]




The TPD profile for ammonia desorption from HZSM-48/5(70), which has been shown to
be a physical mixture of ZSM-5 and ZSM-48, is presented in Figure 40. It is also consistent with
the conclusions from the SEM study for zeolite ZSM-48/5(70) (Figure 26) indicating that the
zeolite is not an intergrowth mixturc of ZSM-5 and ZSM-48. Furthermore, it should be noted
that the HZSM-48/5(70) consisted of at least 75 wt. percent of ZSM-5 and 25 wt. percent of ZSM-
48 (see Figure 25).

Alcohol desorption from ZSM-5 was studied on a therm-gravimetric analyzer (TGA)
equipped with a tempcraturc-programmed controfler.  The thermal desorption profiles \are
presented in Figure 41, Physisorbed and chemisorbed methanol were desorbed from ZSM-5
surface in the temperature ranges 323 - 473 K and 473 - 523 K, rcspectively. Other ﬁigher
alcohols (C, - C4 normal-alcohols) produced corresponding alcohols, olefins, and oligomers via

surface reactions when desorbed from ZSM-S.  This indicates that the minimum temperature for

the reaction of alcohols over ZSM-5 was around 625 K

Infrared Spectroscopy
Infrared spectroscopy has been widely used to identify species adsorbed on solid surfaces.
During the last dccade, there has been increasing use of infrarcd spectroscopy in structural
investigations of zcolites, particularly when the powder X-ray diffraction method may not be
suitable for measuring structural information of zcolites with diffcrent crystalline  sizes.

Furthermore, infrared spectroscopy is concerned with short-range order that is only slightly different

for zcolites of the same group.
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The diffuse reflectance FTIR spectra of the zeolites prepared in this investigation are
presented in Appendix A. According to the Flanigen-Khatami-Szymanski correlation,23 1 the 650-
550 cm’! band was empirically assigned to the presence of double-rings of tetrahedra in the
framework of a zeolite. A band around 500 cm'l, which was not observed in silica, may be
attributcd to intcrnal vibrations of ZSM-5 or ZSM-48. The optical density ratios of the A (~600
cm'l) and B (~500 cm'l) bands dctermined from normal coordinate calculations are presented in
Table 25. It appears reasonable to use the optical density ratio, A/B, as a criterion for determining
the structural characteristics of the zeolite frameworks since the ratio depend on the variety of the
external vibrations of the zeolites.  Thus, one may predict that the A/B ratio increases as the
degree of the external vibrations, which are assigned to linkages of the TO4-tetrahedra, increases.
'his is true that for high crystallinity zcolites, the A/B ratio of ZSM-5 is cqual to ~0.8 and that
ol ZSM-48 is cqual to ~0.3. Thesc data also fit quitc well in Figure 25, which shows the effect
of the SiO5/Al,O4 ratio on the synthesis of ZSM-48. This indicates that infrared spectroscopy also
has a potential for offering structural information of zcolite matcrials.

Infrarcd spectra were measured using an in situ diffuse reflectance FTIR method during
and after pulse methanol rcaction with zeolites ZSM-5 and ZSM-48 at 643 K The difference
spectra are shown in Figure 42. The negative [catures at 3600 and 3745 cm’! observed during
mcthanol rcaction may be correlated to the positive feature around 3000 cm™! which is attributed
to adsorbed hydrocarbons.  The strong broad positive {cature between 3000 and 3700 cml
corresponds to absorption of water (frece water plus weakly adsorbed water molecules) produced
during mcthanol reactions. Irreversibly adsorbed hydrocarbons were observed only with ZSM-48

following the mcthanol reaction.
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Table 25

IR Structural Characteristics of the Zeolite Frameworks

Zeolite Optical Density XRD

Ratio,® A/B Crystallinity
HZSM-5M 0.80 100
HZSM-5D 0.81 95
HZSM-5b 0.74 91
HZSM-5(35) (.84 99+
HZSM-5(70) 0.83 99+
HZSM-5(105) 0.82 99+
H{In}ZSM-5 0.81 99+
[HZSM-48(200) 0.25 ZSM-48
HZSM-48/5(100) 0.51 ZSM-5/ZSM-48
HZSM-48/5(70) 0.65 ZSM-5/ZSM-48
H{In}ZSM-48 0.33 ZSM-48
Si0, 0 0

*Optical Density Ratio, A/B, is dcfined in the text.
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The thermal desorption of methanol from ZSM-5 and ZSM-48 was also studied using
diffuse reflectance FT-IR. The zeolite sample was exposed to methanol vapor at room temperature
and heated to the desorption temperatures in the flowing helium. The infrared difference spectra
for thermal desorption of mcthanol from ZSM-5 arc presented in Figure 43. The background
spectrum was measurcd on a fresh ZSM-5 sample at room temperature. Methanol interacted with
the silanol group at 3710 em’! and strongly with the hydrogen cation (Bronsted acid site) at 3600
cml. Similar results arc also observed for ZSM-48 which is presented in Figure 44. However,
becausc of the interlerence of the hydrogen-bonded hydroxyl groups, the behavior of aluminum-
bonded hydroxyl groups (Bronsted sites) could not be observed clearly enough to interpret the

ditference in the distribution of Bronsted sites between ZSM-5 and ZSM-48 which was observed

by ammoma-TPD spectroscopy.

Catalytic Cracking of n-l1lexane

The cracking of n-hexanc provides a suitable test reaction that is tree of dilfusion limitations
for both intermediate pore size zeolites ZSM-5 and ZSM-48.  Primary data (Appendix B) on
catalytic cracking activity were obtained from measurements of n-hexane conversion to Ci-6GCs
hydrocarbons (mostly C5 and C4 aliphatics) in a continuous flow microrcactor. A suitable choice
of rcaction temperature was made for cach zcolite so as o maintain conversion within a limited
range (5-40 pereent) because of the wide range of activities encountered or measured by hexane
conversion. At a given temperature the magnitude of the first-order rate constant (k) was obtained

from the expression:

k = (1/0)In[1/(1-¢)] (4-3)
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where ¢ is the observed fractional conversion and t is the contact time.150

The results of hexane cracking over crystalline aluminosilicates including HY, ZSM-5, and
ZSM-48 are presented in Figure 45. Attainable levels of superactivity of the order of magnitude
of a > 10,000 (relative to amorphous silica-alumina, a = 1) were obtained for bogh ZSM-5 and
ZSM-48. The zeolites Y and ZSM-5 showed a normal apparent activation energy of 30 kcal/mole.
Interestingly, a deviation in apparcnt activation encrgy from the generally prevailing behavior for
the ZSM-48-type zeolitcs was found. The slopes of the lines in Figure 45 indicate that the
apparent activation encrgy for cracking of n-hexane over ZSM-48/5(70) is approximately one-half
of the value (30 kcal/mol) for the ZSM-5 and the HY zcolite. Such a depression of the slope may
be expected for a situation whére diffusion inhibition corresponds to a utilization factor or Thiele
modulus n < 0.5. This indicates that the truc intrinsic ratc constant of the ZSM-48-type zeolites
was cven greater than measured. The results may be attributed to the two-dimensional channel
structure reported for the ZSM-48 which is expected to be different from other zeolites with three-

dimensional porc/channel structure.

Isomerization of Isobutane
Product distributions in shape selcctive catalysis arc governed by the size and shape of the
pores or channcls within the zcolite structure. These pores or channels restrict the diffusion of
larger rcactant and product species in addition to restricting the formation of larger transition states
and hence limiting the size of the molecules that can react or form. The pores of ZSM-5 and

ZSM-48 havc openings of about 5.5 A. They can admit lincar and slightly branched paraffins, and

simplc naphthcnes and aromatics.
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Isomerization of isobutane was studicd at 623 K with a hydrogen/isobutanc molar ratio of
four in a microreactor to investigate the pore/channel structurc of ZSM-5 and ZSM-48. The
results are shown in Table 26. Pentanes were absent from the reaction product. This result is in
agreement with the conclusion reached by Hilaircau ct al.15% that two isobutane molecules cannot
be accommodated simultancously at the channcls intersections of ZSM-S. Thus it also suggests a
mono-molecular reaction mechanism for isomerization of isobutanc over ZSM-48. In other words,

there is not enough space for a bimolccular (isobutane) transition state in the pores of ZSM-5 or

ZSM-48.

Surface Area Measurement

The possible modes of nitrogen adsorption on the cexternal and internal (pore system)
surtuce of an intermediate pore zeolite ZSM-5 is illustrated in Figure 46. It also illustrates normal-
hexane filling the pore/channcl system of a zcolite.  Thus, the external surface arca can be
mcasurcd with pores which are filled with normal-hexane.  Furthermore, it is noted that it is
impossible to form multiple layers of adsorbed nitrogen on the internal surfaces. Thus, even the
use of the Langmuir isotherm may not be an appropriate method for the study of adsorption of
nitrogen on the surfaces of a microporous (pore diameter < 20 A) zeolite such as ZSM-5 or ZSM-
48. A moditicd Langmuir mcthod combined with a SEM geomctrical method was used to
investigate the surface arca of the synthetic zeolites in this study.

The mean pore diameter for both ZSM-S and ZSM-48 is belicved to be 5.4 A, Thus the
internal surface arca corresponding to a mole of N, adsorbed at 77 K in the channcl can be

calculated as following.
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Table 26
Isomerization of Isobutane at 623 K

Hydrogen/Isobutane Molar Ratio of Four

Zeolite Product Distribution, wt% Ref.
Propane n-Butane Pentanes

Mordenite 41 24 11 (128)

HY 7 2 7 T Wak

HZSM-5(70) 0 0 0 Ths Wak

HZSM-48(£00) 0 0 0 Ths Wak
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Channel Diameter (Dc) = 5.4 x 1010 m
Nitrogen Diameter (Dn) = 4.6 x 10-10 m

Channel Surface Area = xDcDn(6.02 x 1023)

3.14 x (5.4 x 10°10) x (4.6 x
10-10) x (6.02 x 10%3)
= 4.7 x 10° (m%/mole N, adsorbed)
Thus the internal surface arca can be calculated.
Weight of ZSM-5 = 0.222 ¢
Weight of ZSM-48 = 0.217 g
Adsorption of N, at p/py = 0.63 and T = 77 K
Adsorbed N, on Fresh ZSM-S = 1.17 x 10°3 mole
Adsorbed N, on Pore-filled ZSM-5 = 1.00 x 10-3 mole
Adsorbed N in the Channel of ZSM-5 = 1.7 x 10" mole
Adsorbed N, on Fresh ZSM-48 = 737 x 10™# mole
Adsorbed Ny on Pore-filled ZSM-48 = 4.76 x 104 mole
Adsorbed Ny in the Channel of ZSM-48 = 2.61 x 104 mole
Internal Surface Arca of ZSM-5

(170 x 10°3) x (4.7 x 10°)/0.222

359.9 (m2/g)
Internal Surface Arca of ZSM-48
= (261 x 10°3) x (4.7 x 10°)/0.217

= 565.3 (m2/g)
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The external surface areas of synthetic zeolites were measured geometrically by SEM
images. The SEM pictures of zeolites revealed identifiable cube, sphere, or rod forms. Zeolite
ZSM-5 exhibited cubic-like crystals 0.5 - 2 um in diameter while zeolite ZSM-48 appeared to be
a bundle of rod-like crystals. Bascd on these SEM images, the cxternal geometrical surface area
could be calculated as follows.

Calculation of external surfacc arca of ZSM-5

D=1x10%m
Decnsity (0) = 1.8 g/cm3
Extcrnal Surface Area (A) = 6/RD
A = 6/(1 x 10-6)+(1.8 x 10%)] = 3.3 (m2/g)
Calculation of external surface arca of ZSM-48
D=3x10"m
Length (L) = 4x 106 m
o= 17 g/cm3
External Surface Arca (A) = (1 + 4L/D)/Lo
A =1 + (4 x 10-6)/(3 x 10-7)] + [(4 x 10-6) x
(1.7 x 10-6)] = 2.1 (m%/g)

A summary of the surface arca mcasurcments for ZSM-5 and ZSM-48 is presented in
Table 27. The total surface arca measured for ZSM-S in this work is gencrally consistent with the
reported data.’?  Furthermore, one may cxpect that zcolitc ZSM-48 could be effcctively filled

with normal-hcxane since ZSM-48 has an one-dimensional channel structure while ZSM-5, with

three-dimensional channel structure, may not be blocked all its pores by adsorbed normal-hexane.




Table 27

Surface Area Measurements of ZSM-5 and ZSM-48

Surface Area ( mzlz)

Internal External
(Filled-pore Method) (SEM Geometrical)
/S5M-5 359.9 33
ZSM-48 565.3 2.1
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It is truc that a higher internal surface arca for ZSM-48 than that for ZSM-5 was obtained. In

addition, it is believed that most of the active centers of ZSM-5 are located in the interchannel,;

thus blocking all its pores of ZSM-5 by adsorbed normal-hexane is impossible. A high normal-

paraffin (molecular length > 15 A) such as normal-dodccanc should be able to block all its pores

of ZSM-5 theoretically during surface area measurements.

(]

Summary
The Bronsted acid sites of synthesized zcolites were characterized by an ammonia desorption
feature ncar 700 K.
For high crystallinity zcolites, the optical density ratio, A/B (a criterion for determining the
structural characteristics of the zeolite framecworks), for ZSM-$ is equal to 0.8 and that for
ZSM-48 is cqual to 0.3.
The intcractions between active acidic sites and methanol molccules were obscrved by in
situ and thermal desorption FTIR (diffusc reflectance) spectroscopy.
Attainable levels of supcractivity of the order of magnitude of a > 10,000 were observed
for ZSM-5 and ZSM-48.
It appcars that the porc structurcs of both synthcsized ZSM-5 and ZSM-48 have
intcrmediate porc diamcters and may not have cages around interchanncls.
A modificd mcthod for measuring the surface arca of zcolites with micropores is reported.
The relatively low cxternal surface arca mcasured indicates that the catalytic rcactions

mostly occur on the internal surfaces.

142




Reaction of Alcohols over Zeolites

Since the development of the process for the conversion of methanol to hydrocarbons by
Mobil,30 the reactions of higher alcohols over ZSM-S catalysis have been widely studied.173,181,183
A review of these studies revealed that csscntially the same product distribution was obtained for
C, to Cg alcohols which indicates that a common reaction network/pathway may be followed.173
However, the effect of the channel structure of the ZSM-5 family of zeolites on the selectivity of
alcohol reactions has not been described in the literature. The mechanisms of alcohol reactions
are not fundamentally diffcrent over zcolite catalysts than they would be with any other acidic
oxides from a purcly chemical standpoint.  Zcolites introduce molecular shape selectivity due to
pore structure effects.  In the course of this work, ZSM-S, ZSM-48, and related zeolites have
been used for the systematic study of Cy - C4 alcohol rcactions. The product distributions are
summarized in Appendix III. It should be noted that ZSM-S and ZSM-48 have similar pore
diamctcrs; however, they appear to have diffcrent channcl structures. Thus these two catalysts
were thought to be uscful for this type of study.

The alcohol rcactions were studicd in a fixed-bed continuous {low microreactor operating
at atmospheric pressure.  Alcohols were fed to the reactor from a saturator by means of helium
carricr gas. Rcaction product distributions were recorded after 40 minutes on-stream. The most
significant aspect of the methanol reaction over both ZSM-5 and ZSM-48 is the cut-off point in
the hydrocarbon product distribution at C,(y aromatics in the rcaction temperature range of 594-
759 K (shown in Figures 47 and 48, respectively). The aromatic fractions consisted mainly of
xylenes and tolucne with a smaller amount of benzene, ethylbenzene, and higher alkylated

aromatics. The distribution of substituted aromatics is, of course, controlled by the dimensions of
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the intracrystalline pore structure. Catalysis on unconstrained exterior sites would not account for
the observed aromatic yields nor for the cut-off at CIO aromatics. Moreover, the surface area of
the synthetic zeolites on the exterior is at least two ordérs of magnitude less than that on the
interior (Table 27). Therefore, methanol would be cxpccicd to have access to the internal acidic
sites and it is likely that most of the conversion to hydrocarbons occurred on these sites.

At a temperature of 594 K the rcaction of mcthanol over ZSM-5 gave a low yield of
aromatics, which were mainly xylenes. The main products were C; to Cg aliphatic hydrocarbons.
These aliphatics were further converted to aromatics as the temperature was increased up to 648
K; however, as the temperature was increased up to 752 K, the light gas yield increased as a result
of sccondary cracking. A similar trend was observed with ZSM-48; however, aromatic selectivity
was lower (Table 28). The aromatic distribution is believed to be very sensitive to structural
differences between the two zeolites.  These differences may be attributed to the larger space
available at the channcl intersections of ZSM-5, which allowed the formation of larger carbonium
ion intcrmcdiates for further reactions. The size and shape of thc channcl interscctions are
essential to explain the cifects of transition state selectivity in the conversion of various fecdstocks
with ZSM-5 catalysts. As noted previously, ZSM-48 does not have channel intersections that
permit formation of larger intermediatcs. > The absence of channel intersections in the

intracrystalline pore structure of ZSM-48 could thercfore account for the unique shape selective

propertics of this novel high silica zeolite.
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Table 28

Product Distribution from Methanol Conversion over
ZSM-S and ZSM-48 in a Microreactor

(Reaction Temperature = 648 K)

Product Distribution, wt%

ZSM-5 ZSM-48
Cs” aliphatics 56.4 61.0
Cg aliphatics 32.6 33.7
Aromatics 11.0 53
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Zeolite channels are generally viewed as spaces where large electrostatic fields and gradients
prevail.232 Such environments can be described as ionic solvents, capable of promoting high
energy ionization. It is possible to visualize the formation of carbonium (or carbene) species in
this environment; therefore, an investigation of the cffcct of the presence of hydrogen in the
rcactant mixturc on the yicld of unsaturated hydrocar.bons was undertaken. Helium was replaced
by hydrogen as the carrier gas in this study. Typical hydrocarbon distributions from the reaction
of methanol over ZSM-5 and ZSM-48 in the presence of hydrogen are presented in Figures 49 and
50, respectively. Essentially no hydrocarbons above C, were produced and the aromatics are
mostly mcthyl-substituted benzene. We believe that the product distribution is also shape selective
in the hydrogen atmosphere. It is clear that hydrogen as well as hclium behaved primarily as
<dluents. This point is illustrated for mcthanol conversion over ZSM-5 and ZSM-48 in Figures
S1and 52,

It has been noted that the formation of the first C-C bond from mecthanol requires the
participation of Bronsted acid sitcs stronger than thosc required for subscquent stcps.l(’ A scries
of consccutive steps involving isomerization, oligomerization, cracking, cyclization, and hydrogen
transfcr arc opcrative after the formation of propylenc or of a higher olefin molecule in the initial
stages of the rcaction. The acidity of ZSM-5 and ZSM-48 was investigated by ammonia-TPD and
a-test measurcments. The results indicated that both types of zcolite arc very acidic in the catalytic
sense. The clfect of the silica-to-alumina ratio on the aromatic selectivity for the methanol reaction
over ZSM-5 is shown in Figure 53. The aromatic sclectivitics for methanol conversion over ZSM-
5 werc virtually indcpendent of the silica-to-alumina ratio in the range of silica-to-alumina ratios

investigated (35 to 105). The data also indicated that the limited number of active sites at the
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channcl interscctions is csscntial to cxplain the observed transition state selectivitics. It may be
true that the limited number of active acidic sites in the channel intersections are expected since
organic cation, such as TPA*, may completely occupy the channel intersections of ZSM-5 during
the synthesis of the zeolite. It should be noted that methanol was converted first to dimethylether
followed by conversion of the dimethylether to olefins. The olefins are transformed into longer
chain aliphatics which cyclize and dchydrogenatce 1o form aromatics. The channel intersections of

ZSM-5 may provide the necessary space as well as acidity for the formation of aromatics from

methanol.

The low aromatic sclectivity of ZSM-48 is attributed to local configuration constraints,
imposed by the imn.cdiate cnvironment of the active centers, which decrease the probability of the
tormation of the nccessary transition state characteristic of the elementary step in the formation
ol aromatics. The preliminary results reported in the present work may indicate that the difference
in the shape-selective propertics of a scries of pentasil zcolites is duc to definitive differences in
the zeolite channcl structurc.

The restricted cavironment ncar the active centers may play a distinct role in the ordering
of rcaction products. The reactions of Cy - C, alcohols over ZSM-S synthesized in the presence
of TPABr (i.c., ZSM-5(70)) or C6DN (i.c., ZSM-5D) werc investigated in an attempt to better
understand aromatic sclectivity. A comparison of their aromatic sclectivities is presented in Figure
54. A higher aromatic sclectivity is obscerved for zeolite ZSM-5D as the carbon number of reactant
alcohol increases when compared to that for ZSM-5(70).  Since both of the zeolites have an
identical porc/channel structure, such an observation may result from the difference in the

cnvironment of the active centers.  In addition, the aromatic sclectivity of ZSM-5  during
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cthanol conversion, which formed ethylene over the ZSM-5 at the initial stcp in the reaction
sequence, was low. This is consistent with other investigations, which indicated that the formation
of hydrocarbons may not occur via intermediate ethylene, as free ethylene is less reactive than
methanol itself.16

Thus, as expected, the aromatic selcctivities of ZSM-48/5(70), which was determined to
be a physical mixture of ZSM-5 and ZSM-48 crystals, were found to lie between those of ZSM-5

and ZSM-48 (shown in Figure 55). Parallel results were also observed in the ammonia-TPD

experiments.

Summary
l. The cut-off point in the hydrocarbon product distribution for the methanol reaction over

both ZSM-5 and ZSM-48 was found at CIO aromatics.

to

The difference in the shape-sclective propertics of the pentasil zeolites ZSM-5 and ZSM-

48 may be due to differences in the zcolite channcl structure.

3. Zcolites synthesized in the presence of different organic ions may induce different
cnvironments in the vicinity of active centers cven when they have similar pore/channel
structure.

4. The restricted environment about the active centers may impose shape sclective constraints

on the local site reaction mechanism.
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Preliminary Methanol Conversion
Process Study

It was found that ZSM-48 has a high intrinsic selectivity at high conversion for the
production of aliphatics (mostly olcfins) from mecthanol. Morcover, the olefins produced from
the conversion over ZSM-48 can be converted to a higher boiling distillate by passing the olefins
over a ZSM-5-type zeolite catalyst. Thc product from this process consisted of about 55 wt.
percent hydrocarbons boiling between 422 - 616 K (300 - 650°F) which is in the jet fuel boiling
rangc.19

Olcfins are intermediates in the conversion of methanol to aromatic hydrocarbons over
shape sclective zeolites such as ZSM-5. The problem at hand is to suppress or minimize the final
aromatization step to single ring aromatics in the first stage of the dual-stage process. The simplcst
strategy is to usc a ZSM-48 catalyst for producing olefins in the first step followed by conversion
of the olefins to jet fuel boiling range aromatics over a suitable catalyst.  As indicated, aromatic
sclectivity could be greatly enhanced (sce Figure 55) by conversion of the olefins over ZSM-S.
The carbon product distribution from these reactions is, of course, related to zeolite pore/channel
geometry.

A fixed-bed continuous flow rcactor system that could operate in either a single or dual
reactor mode was used o study the conversion of methanol to methyl-substituted aromatics in
the jet fucel boiling range. Mcthanol was charged to the system with a positive displacement pump.

3

A J-type thermal couple was inscried in the center of a five cm” zeolite catalyst bed for both

mcasuring and controlling tempcrature.
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Methanol Conversion over ZSM-5 and ZSM-48

The typical product distribution from the methanol reaction over ZSM-5 after 24 hours
on stream is shown in Figure 56. The reaction was carried out at 643 K, 1 hr'l LHSV, and
atmospheric pressure. At this stage of rcaction, the conversion of methanol is essentially complete
up to 64 hours on strcam. The hydrocarbons span a rclatively narrow range of molecular weights,
terminating at about C;q as expectcd. The catalyst gave high selectivity to methyl-substituted
aromatic hydrocarbons that is consistent with reported data.1® The shape selectivity is generally
similar to that observed i.. the microrcactor at relatively low space velocity.

The results obtained for the conversion of methanol in the presence of ZSM-48 at 643
K. 1 LHSV, and atmosphcric pressure are shown in Figure 57. The high selectivity of ZSM-48
toward olelins at the modcrate operating conditions can be readily seen and it is worth noting
the absence of aromatic hydrocarbons in the product slate.

It was reported that the olefins produced from the conversion of methanol over ZSM-48
can be converted to higher aromatics by passing the olefins produced over a ZSM-5 zcolite catalyst
in a sccond reactor.1? In the investigation of the aromatization of olefins, the first experiinent
involved the reaction of methanol over ZSM-48 in the upper bed followed by conversion of the
olcfinic product in a second bed containing ZSM-5 in a lower zone of the reactor. The reaction
was conducted at 643 K. 1 atm, and 1 LHSV. The rcsults of this experiment (see Figure 58)
indicated that the product distribution doces not shift to higher hydrocarbons. The reverse loading
sequence (ZSM-S followed by ZSM-48) was also investigated. The product distribution of this
process is shown in Figure 59. It should be noted that the results are similar to those of mecthanol

conversion over ZSM-5 (Figure 56).
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Figure 56. Product Distribution from Methanol Conversion
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It seems that ZSM-5 catalyst is the key to the aromatization reaction. The influence of
pressure and temperature on methanol conversion over ZSM-S was also investigated and the

reaction index (RI) was used to describe the performance of the catalysts.

Pressure Effact
The pressure cffect on mcthanol conversion over ZSM-S is presented in Figure 60.
Decreasing the pressure tends to decouple the formation of aliphatics. Increasing pressure results
in an increase in the degree of aromatic substitution. Although not favored by thermodynamics,

their formation can be attributed to the zeolite shape sclectivity.

Temperature Effect
The cffect of temperaturc on the mecthanol conversion is shown in Figure 61. The yields
of xylenes show a maximum at a temperature of 643 K, at atmospheric pressure. It is worth
noting that an incrcasc in sccondary alkylation occurred at higher temperature. Increasing

tcmperature also results in an increase in the yield of aliphatics.

Reuction Index
In the simplificd mcthanol conversion scheme, the light olefins react reversibly to heavier
olcfins, which convert further to aromatics and paraffins. The extent of reaction is monitored by
a "rcaction indcx,” which is the propanc/propenc ratio. In the simplified scheme A->B->C,

rcaction index is proportional to the C/B ratio. 16

The reaction index for methanol conversion
over ZSM-5 at 0.4 atm mecthanol partial pressure is presented in Figurc 62. The reaction index

dccrcascd with increasing time on-strcam. In other words, the aromatization reaction may be
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inhibited for an aged ZSM-5 catalyst, which has been deactivated by the formation of coke or by
the partially destruction of the zeolite structure by steaming. The reaction index for methanol
conversion over ZSM-5/ZSM-48 and ZSM-48/ZSM-5 is also shown in Figure 62. The various
combinations and sequences of ZSM-5 and ZSM-48 in a single reactor for methanol conversion
do not favor the formation of high molecular weight hydrocarbons. It may be due to high
concentration of steam fed to thc sccond bed of catalyst in the lower section of the reactor.
Furthermore, it was believed that high molecular weight hydrocarbons could be produced from
methanol over ZSM-48 and ZSM-5 at clevated reaction pressurcs in a dual reactor systf.zm.19

In the first stage, methanol was reacted over a ZSM-48 catalyst that had a high sclectivity
tor olclins. The product from the first reactor was passed through a gas-liquid separator where
the light aliphatics were separated from water and liquid phase hydrocarbons. The light olefins
were compressed to the inlet pressurc of the second rcactor where the olefins can react to form

aromatics over ZSM-5. Alternatively, the light olefins can be condensced, pressurized and pumped

into the sccond stage reactor.

Dual-Reactor Study
A schematic of the dual-reactor catalyst testing system is presented in Figure 19. The
apparatus consisted of a reactor containing ZSM-48 in which olefins were produced, followed by
the aromatics-forming reactor containing ZSM-5. The pressurc of the second reactor could be
increased to ~ 7 atm by a compressor. It should be noted that higher pressures (> 7 atm) in the
sccond reactor could not be obtained due to the liquefaction of light gases in the compressor at

pressures > 7 atmospheres.  Furthermore, a minimum inlet pressure of five atmosphcres was
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necessary for operating the compressor. Thus it may not be suitable for compressing olefins such
as butenes to or above its critical pressure point (Pc = 40 atm). It was not possible to develop
a cryogenic pumping system to transfer the olefin produced over ZSM-48 from the outlet pressure
of the first reactor to 100 atm. The operating conditions for these exploratory dual reactor fixed-

bed process studics were as follows:

First Reactor Second Reactor
Catalyst ZSM-48 ZSM-5
Tcmberalurc. K 643 573
Pressurc, atm 5 7
LHSV, 1/r 6 -

About 7 wt. percent of high boiling point ( > B.P. of naphthalene) hydrocarbons was obtained
from thc conversion of methanol in this system (see Figurc 63). High yiclds of trimcthyl-benzenes
and low yiclds of paraffins, olcfins, and naphthcnc (PON) indicate that a high degree of
aromatization occurrcd. The major products of the olefin reaction at 773 K were xylenes (sce
Figurc 64).

The yields of highcr molccular weight hydrocarbons were low since the maximum attainable
pressurc in the sccond stage (ZSM-5 reactor) was about seven atmospheres and high hydrocarbons
could be obtaincd only at clevated pressures such as 100 atm.  The olefins produced in the first
stage would conucnsc in the compressor when compresscd to a pressure higher than seven
atmospheres.  The condensed olefins can be collected cryogenically and pump with a liquid feed

pump to prcssurize to about 100 atm in the sccond stage.
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Figure 63. Product Distribution from Methanol Conversion over
Zeolites ZSM-48 and ZSM-~5
Dual Reactor Mode
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The difficulties experienced in transferring low molecular weight olefins (C,-Cy4) from low
pressures (1 to 5 atmospheres) to high pressures (100 atmospheres) have slowed the demonstration
of the dual reactor concept for the production of dicyclic aromatic hydrocarbons in the aviation
turbine fuel boiling range. However, we belicve that at 100 atmospheres the yield of these species
could be substantial. The dual reactor study has been placed on inactive status until an appropriate
method can be developed to operate the ZSM-48 rcactor at low pressures and the ZSM-5 reactor

at high pressures in series.

172




Section V: SELECTIVE HYDROGENATION OF AROMATIC HYDROCARBONS

Research Personnel: Lei-Yea Cheng
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Associate Professor
Supported transition metals possess good activity for the cataiytic hydrogenation of aromatic
hydrocurh()ns.233 Under the framework of this project, it was intended to synthesize various one-
and two-ring aromatic hydrocarbons via methanol ZSM-5 route and then hydrogenate these
aromatic spccies to fully-saturated naphthenic compounds that arc reported to be the major
components of high-density jet fucls. 234 The present scction is devoted to the efforts toward
prcparation, characterization, and testing of somec supported metal catalysts; howevcr, it should be
rccognized that this component of the rescarch program was discontinucd upon instruction from

the Technical Project Officer.

Supported Metal Catalyst Preparation
The incipicnt wetness or "dry impregnation” method was used to prepare y-Al,O3-supported
Ni, Ru, and Pd catalysts.235 The basic concept involves saturating an appropriate support with that
volume of impregnating solution corresponding exactly to the total pore volume of the support and
containing the stoichiometric amount of the metal cation to be impregnated. The y-Al,03 support
was purchased from Akzo Chemie, Holland, and its reported spccific surface area and pore volume

were 209 ng'1 and 0.6 cm3g‘l. respectively. The support was calcined to S00°C overnight before
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impregnation. The preparation procedure for a typical nickel catalyst is described in the subsequent
discussion. The alumina sample was received in the form of extrudates which were crushed and
sieved (35-48 mesh size) to get particies of the size 300-425 m. This material was calcined
overnight at 500°C; 4.125 g of Ni(NO3),.6H,O was dissolved in 50 cm3 water, and 10.584 g of
calcined alumina werc impregnated with 6.3 em? of this solution by dropwise addition and constant
stirring. The impregnated sample was dricd at 393 K for 16 hours followed by calcination at 773
K for 16 hours. After reduction, the final catalyst composition was: 1 wt percent Ni on alumina
(designated as 1 percent Ni/Al;O4).

The following catalysts were prepared using the incipient wetness technique:

. 0.1 percent  Ni/Al,O4

b. 1.0 percent  Ni/Al,O4

C. 2.0 percent  Ni/Al,O4

d. 2.5 percent  Ru/Al,O3

c. 2.5 percent Pd/AlOq

Ru(NO)(NO3)3 and Pd(NO3),xH,0 (both from Alfa Products) were used as sources for
ruthenium and palladium respectively.  This scrics of catalysts, and others to be prepared in the

coursc of this rescarch program were intended to be fully characterized and tested for

hydrogenation rcactions.

Catalyst Charucterization by Ilydrogen Chemisorption

Meansurement of Sites

The concept of the active sites in heterogeneous catalysis was formulated first by Taylor in
1925 when he suggested that catalyst surfaces might contain some sites particularly active for

chemisorption and catalysis.B6 He also pointed out: "...the amount of surface which is catalytically
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active is determined by the reaction catalyzcd. There will be all extremes between the case in
which all the atoms in the surface are active and that in which relatively few are so active." This
non-uniformity of the catalytic surface has been confirmed by chemisorption studies in which the
heat of adsorption (i.e., heat of formation of adsorption compk:xf.:s237 has been shown to vary
significantly with surfacc coverage). Surfacc hcterogeneity has also been confirmed in kinetic
studies in which small concentrations of a sclective poison significantly suppress catalytic activity.
Catalyst poisons are known to affect both catalytic activity and chemisorption capacity; however,
the reduction in catalytic activity is morc scvere than the reduction in chemisorption capacity.
Thus, not all sites on which chemisorption oceurs act as catalytic sites.

Chemisorption has long been used to characterize catalytically active materials.238 The
numbcr of sites available for chemisorption is determincd from the amount of adsorptive required
to saturate the surface. The method assumes that a simple rclationship cxists between the number
of molccules or atoms adsorbed at saturation and thc number of surface atoms. The catalytic
activity of supported metal catalysts, expressed as the turnover number, is related to the total
numbcr of surfacc mctal atoms as determined from the sclective chemisorption of hydrogen239'245
or from the titration of preadsorbed oxygen with hydrogcn.256'250 If the reaction occurs on a
fraction of thc surfacc metal atoms, the turnover number based on the total number of surface
mctal atoms will define the lower limit of the turnover number for the reaction under investigation.
When comparing the activitics of a scrics of catalysts having the same active component (i.c.,
mctal), the relative activitics will be inscnsitive to the site concentration on which the turnover
numbcrs arc calculatcd. Thus, both the truc site density (usually unknown) and the limiting site

density (determined by sclective chemisorption) provide a viable means of comparing catalyst

performance for a chosen reaction.
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Constant Volume Adsorption Apparatus

A constant adsorption apparatus was constructed to determine adsorption isotherms for the
supported metal catalysts used in the aromatics synthesis, aromatic hydrogenation, and
hydrodewaxing studies sponsored by the United States Air Force. The isotherms were obtained
by cxpanding an adsorbatc from a calibrated doscr volume into an adsorption cell which contained
the sample. The amount of the gas adsorbed was calculated from the known doser and cell
volumes and the pressures and ambient temperatures before and after expansion of the adsorbate.
A schematic of the apparatus is presented in Figure 65S.  Since this apparatus has not been
described previously, it will be discussed in considerable detail.

Adsoiption System

The adsorption system is depicted in the scction of Figure 65 cnclosed by the large dashed
rcctangle.  The pressure was mcasurcd with a precision pressure gauge (A), model 145 servo-
nulling rcad-out unit, manufactured by Texas Instruments, Inc.. Houston, Texas. The pressure
scnsing device was a Type 5, fused quartz Bourdon capsule. The Bourdon tube was in the form
ol a spiral, to which a reflecting platinum mirror was attached (sce Figure 66). An optical
transducer was mounted on a gear that traveled concentrically around the capsule. The deflection
of the pressurized Bourdon tube was found by rotating the gear until the light reflected from the
tube mirror fell with cqual intensity on a pair of matched photocells. The deflection of the tube
was then read on the digital counter and the pressure was determined from the counter reading
by mcans of a calibration table. The Type S Bourdon capsule had a resolution of 0.001°
(corresponding to a minimum mcasurable deflection of 0.008 Torr). The apparatus was superior
lo conventional volumetric systcms because of the high precision of the gauge, the abscnce of

hystcresis, and the climination of the need for mercury in the system. The reference side of the
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A - Texas Instruments Precision Pressure Gage; B -
adsorption cell; C - mechanical vacuum pump; D - oil
diffusion pump; E,F - high vacuum cold traps; G -
thermocouple vacuum gauge; H - ionization vacuum
gauge; I - vacuum manifold; J - gas handling mani-
fold; K - calibratcd bulb; L - hydrogen reduction
rotameter; M - palladium thimble hydrogen diffuser;
N - 13X molecular sieve trap; P - S liter gas storage
bulbs; R - reference port on fused quartz Bourdon
capsule; S - mecasuring port on capsule; T - cold
finger; U - cold trap; V.XY,Z - sliding doors on
Plexiglas cnclosure.  All stopcocks arc of the high
vacuum typc and thc numbers identify the stopcocks
discusscd in the text.

Figure 65

Constant Volume Adsorption Apparatus
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A - fused quartz Bourdon capsule B - quartz spiral;
C - platinum rcﬂccung mirror; D - calibrated bulb
(Vg = 49.055 cm ) E - adsorption cell; Vo - cali-
brated doscr volume; Vg~ - connccting stopcock
volume; V- - cell volume. The numbers identify the
stopcocks discussed in the text. Vp(=Vep+Vge) -
doser volume for isotherm dectermination.

Figure 66

Constant Volume Adsorption Apparatus
Detail of Doser System
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capsule was connected to the vacuum manifold via stopcock (10) and the measuring side was
connected to the doser volume by a graded glass seal.

The doser system was constructed from borosilicate glass capillary tubing to minimize the
dead volume. All stopcocks were of the high vacuum type and were lubricated with Apiezon "N"
grecasc. The doser volume was connccted to the vacuum manifold via a four mm stopcock (14) and
to the gas handling manifold via stopcocks (5) and (11). A calibrated bulb (K) was connected to
the doser system via stopcock (3) for calibration of dead volumes in the adsorption system. The
volume of the bulb was determincd before it was glassblown onto the doser system. The bulb was
filled with degassed distilled water and placed in a constant temperature bath.  After thermal
cquilibrium was attained , the bulb was weighed on the Mecttler Balance. The volume was
calculated to 49.055 cmS.

A dctailed sketch of the flow adsorption ccll (B) is presented in Figure 67. The catalyst
chamber was made from eight mm OD borosilicate glass tubing and was 60 mm long. The inlet
linec was made from six mm OD borosilicate glass tubing 170 mm long and terminated in a 10/30
ground glass joint (inncr). The exhaust line was made from Pyrex capillary tubing and contained
a two mm capillary stopcock (17). The cxhaust line was connccted to the vent line by a 10/30
ground glass joint (inner). The ccll was connected to the doser volume via a two mm capillary
stopcock (16) that had 10730 ground glass joints (outcr) on both ends. The joint that joined the
cell to the conncecting stopecock (16) was scaled with Apiczon black wax and the joint that
connccted the assembled cell to the doscr system was sealed with Apiczon T grease.

The cntire adsorption system was cnclosed in a borosilicate glass box (740 mm x 990 mm)
to stabilizc the ambicnt tcmpcraturc during the course of an isotherm. The front of the box was

cquipped with three sliding doors (V, X, Z) which permitted access to the stopcocks in the doser
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Figure 67. Adsorption Cell
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systcm. The large door (Y) was used when the adsorption ccll was changed or when the furnace
and constant temperature bath were placed around the cell or were removed. The doors are
indicated by the dashed lines in Figure 65 and the arrows indicate the direction each door moved.
The box was assembled with machinc screws and the front pancl could be removed easily for minor

repairs or modifications to the doser system or gauge.

VACUUM SYSTEM AND HANDLING APPARATUS

Vacuum System

The vacuum system consisted of a C. V. C. 112 liter per sccond oil diffusion pump (D),
model PMCS-2C, backed by an 0.33 liter per second Precision Scientific mechanical vacuum pump
- (7). model 25. Dow Corning 704 silicone oil was uscd in the diffusion pump. The diffusion pump
was connccted to the vacuum manifold (I) by a 15 mm high vacuum stopcock (Q) which was
mountcd on top of a 55/50 vacuum cold trap (F). Thc mechanical pump was isolated from the
vacuum manifold by a 40/50 vacuum cold trap to prevent contamination of the adsorbent when
the system was rough pumped in the carly stages of cach evacuation. Both traps werc immersed
in liquid nitrogen at all times. A C.V.C. thcrmocouple vacuum gauge (G) was mounted on the
mcchanical pump side of the trap to monitor the mechanical pump vacuum.

The vacuum manifold was constructed of 25 mm OD borosilicate glass tubing (1050 mm
long). The manifold vacuum was measured by a Veeco ionization gauge, model RG 75N, and was
read on a C.V.C. ionization gauge controller, type GIC-110A. The ultimate dynamic vacuum of

6

the manifold and adsorption cell was less than 10 Torr.
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Gas Handling and Purification System

The gas handling manifold (J) was also constructed of 25 mm OD borosilicate glass tubing
(1200 mm long) and was connected to the vacuum manifold by a 6 mm stopcock (4). Six five-
liter gas storage bulbs (P) were connccted to this manifold by 4 mm stopcocks (9). One of the
bulbs was cquipped with a cold-finger (T) for purification of hydrocarbon adsorptives and other
condensible gases by repeated frceze-pump-thaw cycles.

All adsorptives, with the exception of hydrogen, were loaded into the gas storage bulbs via
stopcocks (7) and (7°). High purity hydrogen (99.93 percent) was used as an adsorptive and was
further purified by diffusion through a Milton Roy Company palladium thimble hydrogen purifier
(M), modcl CH-A. The hydrogen also passed through a cold trap (U) at liquid nitrogen
temperature before being stored in onc of the five-liter bulbs. Matheson rescarch grade oxygen
(99.99 pcrcent) was passed through a 13X molccular sicve trap (N) at a dry ice-acetone
tcmperature before being stored in one of the five-liter bulbs, as was thc Matheson C.P. grade
carbon monoxide (99.5 percent). Matheson research grade ncon (99.995 percent) and krypton
(99.995 pereent) were used without further purification for dead volume determinations. The
molccular sicve traps were activated by cvacuation at 600 K to a pressure of 5x10% Torr. A

diffcrent trap was reserved for purification of each adsorptive.

Opcrating Procedures

Catalyst Loading

An acid-washcd glass wool plug was inserted into the catalyst chamber to serve as a catalyst

support grid. The catalyst was weighed without drying and was then loaded into the cell via the

inlct linc. A sccond acid-washed glass wool plug was placed on top of the catalyst and a glass rod




was placed in the inlet line to reduce the cell dead volume. The cell was sealed to the connecting
stopcock with Apiezon black wax and the assembled adsorption cell was attached to the doser

system.

Catalyst Pretreatment

The evacuation was begun by sctting stopcocks (Q) and (3) to bypass the diffusion pump
and by opening (2) to the vacuum manifold. Stopcock (12) was closed and (14) was opened to
the doser system. Stopcock (15) was opened and the conncecting stopcock volume was evacuated.
When the thermocouple vacuum gauge (G) registered a pressure of 30-40 x 10-3 Torr, stopcock
(2) was closed and the evacuation with the diffusion pump was begun. The furnace was placed
sround the cell (B) and the tempcrature programmer-controller was started after a one-hour
cvacuation at room temperature. The sample was evacuated at 423 K for two hours and then
cooled to room temperature under evacuation.

The reduction was carricd out in the following manner. Stopcock (16) was closed and (12)
was opened to the vacuum manifold via stopcock (14).  After evacuation of the Bourdon tube,
stopeocks (12) and (14) were closed and (8) was opened to admit hydrogen to the doser system.
The hydrogen was then slowly admitted to the Bourdon tube by opening stopcock (12). The flare
on the hydrogen diffuscr (M) was lit, the diffuscer hecater was turned on, and the hydrogen pressure
in the doser system and the cell was allowed to increase.  When the pressure was greater than
the atmospheric pressurc (95° on digital counter), stopcock (17) was opened to the vent line and
the flow rate was measurcd on the rotameter (L). All catalysts were reduced at a space velocity
of 0.5-3.0 volumes of hydrogen per unit volume of catalyst per sccond. After the hydrogen flow

was cstablished, stopcock (12) was closed and the hydrogen was evacuated from the measuring side
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of the capsule (S) via stopcocks (5) and (11). The furnace was placed around the cell and the
temperature programmer-contrciler was started. All catalysts were heated to the reduction
temperature over a period of eight to ten hours and were reduced for four hours. After the
reduction, the furnace was removed and the catalyst was cooled to room temperature in flowing
hydrogen. Stopcock (17) was closcd and the hydrogen diffuser was immediately simt down to
prevent overpressuring the ccll. Stopcocks (4), (5), (8), and (11) were closed and (14) was opened
to the vacuum manifold to evacuate the hydrogen from the cell. Stopcock (12) was opened the
doser volume and the adsorption cell were evacuated to a manifold vacuum of less than 10- Torr.
During this cvacuation the gauge was zeroed with stopcock (10) open to the vacuum manifold.
The furnace was placed around the cell and the catalyst was heated to the final evacuation
temperature (723 K) with the programmer-controller system. Usually the catalyst was evacuated
for 1-1/2 to 2 hours at this temperature. The furnace was removed and the catalyst was quickly
cooled to room temperature under evacuation. The constant icmperature bath was then placed
around the cell and its temperature was adjusted to the desired isotherm temperature.  Stopcock
(16) was closcd to isolate the cell from the doser volume and (14) was closed to isolate the dosing
systcm from thc vacuum manifold. The gas to be adsorbed was transferred from its storage bulb

to the gas manifold and from there to the dosing system via stopcocks (5) and (11).

Adsorption Isotherm Procedure

The calculation of the adsorption isothcrm required a knowledge of the dead volume of the
adsorption ccll with the constant temperaturc bath placed around the cell. Ncon was used to
dctermine the dead volumes because helium was shown to diffuse through the quartz spiral into

thc cvacuated rcference side of the capsule. The cell and the doser system were evacuated and
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stopcocks (14), (15), and (16) were closed. The calibrated doscr volume (see Figurc 65) was filled
with neon to a pressure of 600-750 Torr via stopcock (11). The pressure and ambient temperature
were recorded after stopcock (11) had been closed. The neon was then expanded into the
connecting stopcock volume via stopcack (15). The pressure and temperature were again recorded.
Finally, thc ncon was cxpandced into the cell by opening stopecock (16).  AFter the final pressure
and temperature were recorded, thc ncon was cvacuated and the procedure was repeated. The
dead volume was usually determined three to six times for each catalyst loading. The pressure and
ambient temperature were recorded at 120-sccond intervals over 600 seconds, and the ratio P
(degrees)/T (K) was computed tor cach point. The system was assumed to be equilibrated when
the ratios for two successive points agreed to within five in the fifth significant figure.

Stopcocks (4) and (14) were opened to the vacuum manifold and the ncon was evacuated
from the doscr system, the adsorption ccll, and the gas handling manifold. Stopcocks (5) and (11)
wcere also opencd the cvacuate the neon from the transfer line. The system was evacuated 1o less
than 10> Torr and stopcocks (4), (11), (14), and (16) were then closed.  After the adsorptive was
cxpanded from its gas storage bulb into the gas handling manifold and the transfer line, stopcock
(5) was closed. The adsorptive was then admitted to the doser system via stopeock (11) very slowly
to avoid cxcessive vibrations of the Bourdon tube. The initial pressure in the doser system was
usually thrce to four times the final desired pressure after the initial expansion into the cell.
Stopcock (11) was closed and the pressure and ambicnt temperature were recorded. The
adsorptive was cxpanded into the ccll via stopcock (16). After the system cquilibrated, the pressure
and temperature were recorded, and stopcock (16) was closed.  This first point was equilibrated
for 3600 scconds and the ratio P (degrees)/T (K) was calculated every 300 seconds. The pressure

in the doser system was increascd by adding adsorptive from the gas handling manifold via stopcock
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(11). The pressure and the temperature were rccorded and ithe adsorptive was expanded into the
cell. The system was equilibrated for 720 seconds and the pressure and temperature were read.
This sequence of steps was repeated five or six times to complete the isotherm.

When carbon monoxide was used as thc adsorptive, stopcock (12) was closed after the final
point of the isothcrm was takc, and the ccll was evacuated for 120 seconds via stopcock (14).
Stopcocks (14) and (16) were closcd and a second isothecrm was obtained to determine the amount
of physically adsorbed carbon monoxide.

The procedure for the hydrogen-titration isotherms varied from isotherm to isotherm in the
surface reconstruction studics.  For the case of the high temperature (673 K) reduction isotherm,
the cell was cooled to room temperature in flowing hydrogen following the reduction. The
hvdrogen diffuser was shut down and the hydrogen was evacuated as described in the preceding
scetion. Oxygen was transferred from its storage bulb to the doscr volume via stopcocks (5) and
(11). Stopcock (11) was closed and the oxygen was expanded into the cell to a pressure of 500-
600 Torr by opening stopcock (16). The stopcock was closed and the oxygen was cvacuated from
the system.  After 3600 scconds, the oxygen was cvacuated from the cell at room temperature for

3600 scconds.  The hydrogen-titration isotherm was then obtained in the manner described above.

Adsorption Isotherm Calculation Procedure

The adsorption isotherm caleulation outlined below was based on the procedure for the
determination of adsorption isotherms that was discusscd previously. The volumes and stopcocks
mentioned in the subscquent discussion refer to Figure 66. The volumes were defined as follows:
the cell volume, V-, was the volume of the adsorption cell and included the bore of stopcock (7);

the connecting stopcock volume, Vg, was the volume between stopcocks (6) and (7) and included
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the bore of stopcock (6); the calibrated doser volume, Vg Was the volume enclosed by stopcocks
(1), (2), (3), (4), and (6), and included the volume of the quartz Bourdon spiral (B); and the doser
volume, Vp, was the sum of Vep and Vge. It was necessary to use neon for the calibration
because it was shown that helium diffuscd through the quartz spiral into the evacuated reference

sidc of the capsule (A).

Doser Volume Calibration

The standard bulb (D) was calibrated in the following manner before it was attached to the
doscr volume. The bulb plus stopcock was weighted, cvacuated, and filled with degassed, distilled
water.  AFter the bulb filled with water and had been equilibrated for 16 hours, it was removed
trom the constant temperature bath and weighed a sccond time. The volume was calculated from
the mass and the specific gravity of water at the bath temperature. This procedure was repeated
five times and the volume of the bulb (V-g=49.055 cm3) was determined from the average of the
mcasurcments.

The calibrated bulb and the doser volume to be calibrated, Vep. were filled with neon and
initial pressure, Py, and the ambicnt temperature, T, were recorded. Stopeock (2) was closed and
the dose volume was cvacuated via stopcock (3) to 103 torr. Stopcock (3) was closed, (2) was
opened, and the neon was cxpanded from the bulb into the doser volume. The final pressure, P2,
and the ambicnt temperature, Ty, were recorded after cquilibration.  The ncon was assumed to

behave as an idcal gas; thus

Plee _ P¥es | PV 5.1
T T, T, (5-1)

This cquation was rcarranged to express the calibrated doser volume as
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Pl

P T
Voen = 2
cD Tl

2
( ) v (5-2)
T, ) P, ) Vea

The values of Plfl' 1 and P2/I' 5 were determined in 25 sets of measurements, of which ten were
discarded on the basis of the 4d and 2.5d rulcs. The range of initial pressures was 150 to 450 torr
and the corresponding range of final pressurcs was 130 to 400 Torr. There was no systematic
variation in the value of Vp as a function of the initial pressure, Py. The calibrated doser
volume was 6.2890 cm> with a standard deviation of 0.018 and a 95 percent confidence level that

the volume was between 6.279 and 6.299 cm3.

Culeulation of the Cell Volume

The volumes of the connccting stopecock, Vge, and the adsorption cell, Ve, were
determined by filling the calibrated doser volume, Ve, with ncon and cxpanding the neon
scquentially into the connecting stopcock and the cell which had been previously evacuated. The
cell volume was determined the cell at the ambient temperature or with the cell immersed in the
thermostated bath at the isotherm temperature. The cquations were derived for the case with the
cell immersed in the bath.

It

Vi=Vep
V2 =Vep + Vse

V3=VCD+VC=V2+VC
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and Py, P,, and P3 were equilibrium pressures of the neon in the volumes V4, V,, and Vj,
respectively, measured at the ambient temperatures Tl’ Tz, and T3 in the Plexiglas enclosure, then,

from the ideal gas law,

11 22 32 3°C
= = + (5-3)
B T2 T3 Tc
The connecting stopcock was calculated from the first two terms of Equation (5-3); that is,
PlVep PalVep + V() 5.4
T T (5-4)
1 2
which gave
Vp = Vsc + Veor (5-5)
The doscr volume was then calculated from
VD = Vsc * Veor
The cell volume was calculated from the sccond two terms of the Equation (5-3); that is,
P Pl | P
TZ T3
which was rcarranged to give
P P T
2 3 ¢
Ve = ( - ) (5) Vp - (5-6)
c T2 T3 P3 D

If the ccll was at thc ambicnt temperature, the expression for the cell volume was
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P T

P
2 3 3
- ) (5.7) Vp -
T4 Py D

V. = (

(5-7)

Adsorption Isotherm Calculation

Adsorption isotherms were detcrmined in the following manner. The adsorption cell and
the doser volume were evacuated to less than 10° Torr and stopcock (7) was closed. The doser
volume was filled with adsorptive to pressurc Py (1) at the ambient temperature TRy (1).
Stopcock (7) was opened and the adsorptive was admitted to the cell. The equilibrated pressure
P, (1) at the ambicnt temperature T, (1) was recorded after one hour.

A material balance on the doser volume and the adsorption cell gave

nD’l(l) = nD‘Z(l) + ﬂC'z(l) + na’z(l) (5-8)

where npy (1) was the moles of adsorptive in the doser volume at the initial conditions for the first
isotherm point; npy (1) was the moles of adsorptive in the doser volume at the final conditions
for the [irst isotherm point; nc (1) was the moles of adsorptive in the gas phase in the éell at the
final conditions for the first isotherm point, and n, o(1) was the moles of adsorbate at the final
conditions for the first isothcrm point. Thc amount adsorbed, assuming the adsorptive obeyed the

idcal gas law, was given by

Pl(l) VD Pz(l) VD Pz(l) VC

"a,2JTm TR (1) " TRT (5-9)
or
P (1) P,(1) V v
1 2 D c
a2 T o T,m ) TR R R (5-10)
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The amount adsorbed was expressed as

P.V_(1)
—Sa ' -
na,Z(l) =R TS (5-11)
where PS was 760 Torr, TS was 273.16 K, and Va(l) was the volume of adsorbate at the standard
temperature and pressure. Substituting Equation (5-11) into (5-10), an expression was obtained
for the amount of adsorbate for the first isotherm point in PV units, that is

P Py(1) Ve
PV = Clx - 7, ) Yo - P R ) T (5-12)

The cell was isolated from the doser volume after equilibrium of the first isotherm point
by closing stopcock (7). Adsorptive was added to the doser volume and the initial pressure for the
sccond isotherm point, P((2) at T{(2), was recorded. Stopcock (6) was opened, the adsorptive was
cxpanded into the cell and the equilibrated pressure Po(2) and T,(2) was recorded. A second

matcrial balance gave

np1(2) + nc2(1) + ny2(1) = np2(2) + nc2(2) + n, 5(1.2) (5-13)

where np 1(2) was the moles of adsorptive in the doscr volume at the initial conditions for the
sccond isotherm point, "D.2(2) was the moles of adsorptive in the doser volume at the final
conditions for the sccond isotherm point, ne 5(2) was the moles of adsorptive in the gas phase in
the ccll at the final conditions for the second isotherm point, and na‘2(1.2) was the total moles of
adsorbatc at the [inal conditions for the sccond isothcrm point. The total moles of adsorbate, the

sum of the moles adsorbed after each expansion into the cell, was given by

n, 2(1.2) = ny5(1) + n,5(2) (5-14)
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where n, 5(2) was the moles of adsorptive that adsorbed at the final conditions for the second
isotherm point as a result of the second dose. Equation (5-14) was substituted into (5-13) and the

amount adsorbed, na’2(2), was given by

P, (1) P,(1) V P,(2) V P,(2) V
1 241 Ve 2(2) Vp 212) Ve
2,2 T RT@ Y TRT, TR T R, (5-15)

or in terms of volume adsorbed,

PI(Z) P2(2) Vc
PSVa(Z) = { Tl(z) - TZ(Z) ) VO = (Pz(z) - pz(l) ) TC— ) Ts- (5-16)

" The procedure was repeated for the third isotherm point. The initial pressure, P;(3) at
I'y*(3), was recorded, and the adsorptive was expanded into the ccll, aftcr which the equilibrated

pressure Po(3) at To(3) was recorded. The material balance gave

nD,l(B) + nC’2(2) + na.2(1,2) = nD‘2(3) + nC‘2(3) + nu‘2(1.2.3) (5-17)

where np 1(3) was the moles of adsorptive in the doser volume at the initial conditions for the
third isothcrm point, ny5(3) was the moles of adsorptive in the doscr volume at the final
conditions for the third isotherm point. nc 5(3) was the moles of adsorptive in the gas phase in
the ccll at the final conditions for the third isothcrm point and na'z(l. 2, 3) was the total moles

of adsorbatc at the final conditicns for the third isotherm point. The total moles of adsorbate after

the third dosc was

na2(123) = ny5(1) + 0y 2(2) + 0y 5(3) (5-18)
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where n, 5(3) was the amount of adsorptive that was adsorbed as a result of the third expansion

of adsorptive into the cell. The amount adsorbed was given by

Pl(n) Pz(n) VC
Psva(3) = { ( Tl(") - TZ(n) ) VD - (Pz(n) - Pz(n'l) ) TE ) TS (5’19)

The expression for the nth isothcrm point was obtained after inspection of Equations (5-12), (5-16)

L

and (5-19); that is,

Pl(n) Pz(n) VC
Psva(n) = { ( Tl(") - TZ(n) ) VD - (pz(n) - Pz(n'l) ) TE ) TS (5-20)

where V, (n) was the amount of adsorptive that adsorbed at the final pressure P5(n) as a result
ol the nth cxpansion of adsorptive into the cell and P,5(n-1) was zero when n=1.  The amount

of adsorptive that was adsorbed per gram of catalyst was a result of the nth expansion was given

by

P Va(n)
Valn) = (760 Torr) (mass catalyst, g) (5-21)
or, in pmol per gram of catalyst,
vV, (n)
n,(n) = (5-22)

0.22414 cm® umol !

The total amount of adsorbate at the equilibrium pressure P5(n) for the nth isotherm point
was

1 n
)= = n(i). (5-23)

n. (umol g~
a n=]1
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The value of n, (smol g'l) for each Py(n) was plotted versus P»(n). The best straight line through
the n isotherm points was extrapolated to zero pressure, and this intcrcept was taken as the amount
of adsorptive taken up by the supported metal.

A series of typical isothcrms arc presented in Figures 68 and 69 for hydrogen, oxygen, and
carbon monoxide chemisorption on an 0.53 weight percent platinum on silica hydrogenation catalyst.

A second platinum hydrogenation catalyst 0.56 percent Pt/Al,O4 (obtained from a different
source) was used for additional testing of the apparatus. The catalyst was reduced in-situ in flowing
of hydrogen at 450°C for four hours prior to chemisorption experiments which were conducted at
room temperature (25°C).  The reduced catalyst was cvacuated (down to 10°> torr) at 50 percent
above the temperature of reduction for 1-1/2 hours in order to remove any residual hydrogen
“clore hydrogen chemisorption. A double isotherm mcthod was used to ascertain the hydrogen
uptake values (Figure 70).  The first isotherm represented both chemisorbed and physisorbed
hydrogen.  Alter this, the sample was cvacuated at room temperature to remove the physisorbed
fraction of hydrogen and then the second isotherm, representing only physisorbed hydrogen, was
generated.  As shown in Figure 70, the isotherms were cessentially parallel. The amount of
chemisorbed hydrogen was obtained by taking the difference in the hydrogen uptake values
corresponding to the two isotherms at zero pressure.  In this particular case, the amount of
hydrogen chemisorbed was [ound to be 4.019 ;;mol/g'l catalyst. This gave a dispersion of 20.3
pereent, which was considered reasonable.

A computer program (listed in Appendix D) was written and usced to analyze the

chemisorption data. A representative output of this program is included in Appendix D.
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Figure 68.
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TAR-12
Catalyst:

Catalyst loading:

Cell temperature:
Cell volume:

Doser volume:

Chemisorption Data for Pt/SiO, Catalyst

Table 29

0.53 percent Pt/SiO,

2.0078 g (wet)
54.55 pmol total Pt

293 K
10.4403 cm3

6.8593 ¢cm

TAR-12.1-11 (Ilydrogen Isotherm)

Py
(Torr)

326.6
209.0
232.6
260.4
284.4

Ty
(K)

300.7
300.8
300.9
300.8
300.7

(Torr)

107.8
146.6
179.8
2108
239.0

catalyst pretrcatment: cvacuation, 423 K, 2 h
rcduction, 673 K, 4 h
cvacuation, 723 K, 1-122 h
8.54 umol g" H, uptake

intereept:

200

T,

(K)

300.8
300.8
300.9
300.8
300.7

a1
(smol g7%)

9.20
9.53
9.75
9.93
10.19




TAR-12.2-H (Hyd

Py
(Torr)

244.6
162.4
205.7
243.7
293.1

Table 29 (con’t)

Chemisorption Data for P/SiO, Catalyst

n Isotherm

T
(K)

301.5
3018
301.8
301.6
301.5

P
(Torr)

74.2
107.6
144.5
181.8
2239

catalyst pretreatment: cvacuation, 573 K 1-12 h
8.67 umol g~ HZ uptake

mtereeplt:

TAR-123-0O (Oxygen

Isotherm)

Py
(Torr)

253.8
166.4
205.7
245.6
284.6
3184

Ty
(K)

300.3
300.7
3009
301.0
300.9
300.8

(Torr)

82.7
113.4
146.9
182.8
220.1
256.3

catalyst pretreatment: cvacuation, 72'5 K.2h
5.0 ymol g~ 07 uptake

intereept:

201

(K)

301.7
301.8
301.8
301.5
3013

(K)

300.6
300.8
300.9
300.9
300.9
300.8

(umol g1

9.90
10.46
11.06
11.71
12.27

n, {
(umol g™7)

7.70
8.64
9.79
11.03
12.13
13.14




Table 29 (concluded)

Chemisorption Data for Pt/SiO, Catalyst

TAR-12.10-CO (Carbon Monoxide Isotherm)

P
(Torr)

363.4
183.0
2234
265.3
303.8

catalyst pretrcatment:

(Torr)

298.9
182.8
223.7
265.4
295.9

catalyst pretreatment:

intercept:

T P

( KS (Torzr)
296.7 104.8
297.0 1329
298.5 165.3
298.8 201.5
299.1 238.7

reduction, 673 K, 4 h
evacuation, 723 K, 1-12 h

T, P,

(K) (Torr)
299.5 107.5
299.9 134.7
300.2 166.7
3003 202.5
300.5 236.4

cvacuation, 293 K, 120 s
13.45 umol g" net CO uptake
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(K)

296.7
298.2
298.7
299.0
299.3

(K)

299.8
300.0
300.2
3004
300.5

a
(umol g1

18.00
19.24
20.72
22.16
23.51

a -1
(umol g™*)

4.48
5.53
6.84
8.16
9.34




Hydrogenation of Toluene

A high-pressure flow reactor was used to make an exploratory hydrogenation reaction run
with toluene as feed and 2 percent Ni/Al,Oj as catalyst. The reactor system was available and was

used for these preliminary experiments. The cxpcrimental conditions were as follows:

Catalyst: 2 percent Ni/Al,O5 (6.5 cm3)
Temperature: 300°C

Pressure: 370 Psig

Toluenec LHSV: 15.2 cm3/hr em? cat.

Hydrogen GHSV: 0.21 cmhr em? cat.
Reaction Time: 4 h.

The catalyst was secured between two layers of inert ‘Denstonc’ and separated by two
stainless steel mesh cloths. A thermocouple was placed through a thermowell so that the tip of
it was cxactly at the center of the catalyst bed. The calcined catalyst was reduced in-situ in flowing
hydrogen (at 1 atm and at 37 cm3/min) for four hours at 450°C. After reduction, the reactor was
cooled down to 300°C and the toluene flow was started. A sample was taken after 4 hours of run
and analyzed. The conversion was found to be about 10 percent and the products were mainly
mcthyl cyclohexane. A GC column (10 percent OV-17 on chromwax, 12') was purchased and
tested for analysis.  This is capable of analyzing aromatic hydrocarbons and naphthencs and

naphthenoaromatics containing up to at lcast 14 carbon atoms.

Hydrogenation of Naphthalene

A scrics of cxperiments was conducted with a varicty of mctals supported upon alumina.

The metals included ruthenium, rhodium, palladium, and rhcnium. At high temperatures (>275°C),
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the predominant reaction pathway was cracking, whereas at low temperatures (<230°C), the
cracking reactions were suppressed and the hydrogenation pathway was dominant. The preliminary
results are summarized in Table 30. The reported data were obtained at a hydrogen partial
pressure of 2300 psig with a 0.5 wt percent naphthalcne in normal heptane feedstock. The

duration of cach run was 2.5 hours. The catalysts were reduced in-situ in flowing hydrogen (40

cm3 min'l) at 500°C for six hours. As indicated previously, this work was deemphasized and placed

on inactive status at the direction of the Technical Project Officer.
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Table 30

Hydrogenation of Naphthalene over Various Catalysts

Run # Catalyst

Témp, °C

percent Conversion

percent Selectivity

Tetralin Decalins Cracking

1. 2.5 percent Ru/Al,O3 300 100 0 11.0 89.0
2. 2.5 percent Ru/Al,O5 225 100 0 97.0 3.0
3. 2.5 pereent Ru/Al,O5 125 100 0 100.0 0.0
1 2.5 percent Ru/Al,O4 300 90 - 10.0 90.0
s, 2.5 percent Rh/AI,O5 300 100 trace 95.0 4.9
0. 2.5 pereent Pd/AlLO5 300 100 trace “99.0 --

7. 5.0 pereent Re/Al,O3 300 82 29.5 65.5 5.0

*This run was made with decalin as feed.




Section VI: SELECTIVE CATALYTIC CRACKING OF NORMAL PARAFFINS
IN KEROSENE BOILING RANGE FEEDSTOCKS OVER ZSM-§

Research Personncl: Daniel C. Longstaff
Graduate Student

Francis V. Hanson
Associate Professor

Introduction

The research activities reported in this section were primarily concerned with producing
higher density aviation turbine fuel from waxy naphthcnic crudes. The method proposed to
producc a high density fucl was to expand the boiling range of the fucl by increasing the end-
point of the kerosene [raction of a naphthenic crude. The expansion of the boiling range will result
m a higher density kerosene; however, it will also have an undesirably high freeze point. Dewaxing
will reduce the freeze point of the kerosene so it can meet aviation turbine fuel specifications while
having a higher density.

Normally jet fuels are not subjccted to any catalytic trcatment other than perhaps a mild
catalytic hydrogenation to reduce the sulfur content when the sulfur content exceeds specifications
or a mild catalytic oxidation to oxidizc mercaptan sulfur so it can be removed more casily by a
caustic wash.  Catalytic dewaxing would represent a ncw processing step in the production of
aviation turbine fucls and would incrcase the cost of producing jet fuels. However, it would also
broadcen the range of acceptable crudes for the production of standard and high density aviation
turbine fucls to include the use of certain waxy naphthenic crudes.

A sccondary cffcct would be the stabilization of crude availability for aviation turbine fuel

manufacture, particularly during an oil shortage or in wartime.
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Experimental A tus

Commercial catalytic dewaxing of lubricating oils is carried out in a fixed bed reactor
system. A fixed bed reactor system was modified for this investigation.

The modifications included the following:

1 a liquid fced rescrvoir and pump were added to the apparatus;
2. the gas feed system was modificd to handle a single gas; and
3. a reactor by-pass line was added to facilitate operation of the system.

Description of the Components of the System
A schematic of the apparatus is presented in Figure 71, The reactor system consisted of
lour main components:
1. the gas feed system;
2. the liquid “ced system;
3. the reactor; and

4. thc product collcction system.

Gas Feed System

The gas fced system was designed to regulate and monitor the flow of the diluent gas to
the reactor. The pressure of the gas exiting the reactor was controlled by a Mity Mite Inc. back
pressurc control valve (BPCV) which was rated to 2000 psig. The BPCV was pressurized to the
desired operating pressure with nitrogen. The gas flow rate to the reactor was controlled by a

Union Carbide Mass Flowmeter Model FM-12C.
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The system was protected from overpressuring by a Swagelok, Inc., model SS-4R3A-C,

pressure relief valve which could be set to open at pressures between 750 and 1500 psig. The
pressure relief valve was usually set to open at 970 psig which was 30 psig below the maximum
pressure rating of the liquid fecd pump.

A bypass linc madc it possiblc to flush the product collection system without passing the
gas through the reactor. The gascs used in the gas [ced system were hydrogen and nitrogen.
Hydrogen was used as the diluent in most experiments and nitrogen was used to flush the reactor

or to pressurize the BPCV.

Liguid Feed System

The liquid feed system was designed to control and monitor the flow of liquid into the
reactor. The main componcent of the systcm was a Milton Roy model DB-1-60R mectering liquid
tced pump.  The volume pumped could be controlled by adjusting a dial on the pump which
controlled the stroke length of the pump piston. The minimum steady statec pump ratc was such
that a weight hourly space velocity (WHSV) of 1-3 g of feed/(g of catalyst)(h) could be maintained
over a two gram sample of catalyst. The maximum operating pressurc of the pump was 1000 psig.
[n order to avoid the possibility of damaging the pump by overpressurizing, a pressure relicf valve
was connccted 1o the liquid feed line. The Swagcelok Inc. model SS-4R3A-C pressure relicf valve
could be sct to open between 750 and 1500 psig.  During normal operation the valve was set to
open at 970 psig.

A valve was connccted to the liquid feed linc so that the pump could be primed prior to
operating at clevated pressurcs.  The liquid feed passed into the gas-liquid mixing zone through

a onc way valve to prevent the flow of gas into the liquid feed system.
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Reactor

The reactor consisted of a 1/2 inch insidc diameter stainless stcel tube encased in a
cylindrical copper block which acted as a heat sink to evenly distribute the heat from the furnace.
The intent was to prevent large localized hcat variations in the reactor due to hot or cold spots
in the clectrical furnace. A 1/8 inch OD thermowell was located on the axis through the reactor
tube to monitor the temperature profiles in the catalyst bed.

The reactor tube had a flange threaded onto each end of it. These flanges could be
connected to matching flanges through which feed or products could flow. The reactor was sealed

by stainless steel o-rings.

Product Collectiosn System

The cfflucnt strcam from the reactor passed into a vapor-liquid separator which also served
as a liquid collcctor. The non-condensible vapor stream was vented through the BPCV.

The cryogenic gas collector consisted of a vaporizer test tube that was packed with shredded
ccllulose submerged in a liquid nitrogen bath to condense all the condensibles into a vessel which
could be weighed to determine the mass of matcrial collected. 2! This method usually provided
a mass balancc of 100 = 0.5-2 percent.

The composition of the gases condensed were determined by gas chromatography. The

volume of the gas that passed through the cryogenic gas collector was determined with a wet test

metcer.

Operating Procedure

The acquisition of mcaningful data required that the following be observed:
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1. the reaction conditions must rcmain constant, that is the temperature,
pressure, catalyst activity and liquid and gas feed rates should not change
during the time period when a material balance is made; and
2. a complete mass balancc must bc obtained on the hydrocarbon feed.
The experimental operating proccdures were developed to maintain the reaction conditions

constant and to enable collection and mcasurcment of the liquid and gas products of the reaction.

Catalyst Loading Procedure
The catalyst bed was located between two sections of inert packing. The inert packing
serves to support the catalyst as well as providing a surface for heating the reactant mixture. The
catalyst was loaded into the reactor according to the following procedure. The top flange was
sceured to the reactor. The thermowell was connected to the top flange and positioned along the
axis of the reactor. The reactor was clamped upside down in a visc. A plug of nitric acid washed
glass wool was inserted in the reactor without pushing it through the top tlange. Alundum that
had been soaked in hot nitric acid, rinsed with deionized water and dricd was then poured into
the reactor to within 1/2 inch of the point along the entered thermowell where the catalyst bed
was to be placed. Distances in the thermowell were gauged by means of a rod that was slid into
the reactor to determine the depth of the alundum bed.  After the alundum was packed to the
appropriate depth a sccond wad of nitric acid washed glass wool was placed in the reactor and a
sample of catalyst was placed on top of the plug of glass wool.
The catalyst was then held in place by a third plug of acid washed glass wool. The glass
wool plug was then followed by enough acid washed alundum to fill up the reactor to within 1/2
inch of the top. A fourth and final plug of glass wool was then placed in the reactor to keep

particlcs of alundum from falling out of the reactor.
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After the reactor was completely packed the bottom flange was bolted onto the reactor
and it was pressure tested with nitrogen. A mixture of silicon carbide and dodecane would be
used to polish the o-rings so that thcy would form a proper seal with the reactor.

The pressure test was donc with the reactor in the vise. This facilitated any necessary
adjustments.  The oricntation of the o-rings with respect [OILhC reactor tube was changed if a
particular configuration had a tendency to leak. When it was determined that the reactor did not
leak it was connected to the reactor system and the standard catalyst pretreatment procedures

were followed.

Mass Balance Procedure

Expcriments must be conducted so as to obtain complete material balances so that
detimtive conclusions concerning catalyst activity and sclectivity can be drawn. In most cases
catalytic runs with complete mass balances were only attcmpted once a day duc to the cffort
required.

The rcactor was always left at rcaction temperature to save time and to avoid possible
cifeets on the catalyst resulting from heating and cooling cycles.  Prior to making a material
balance the feed and diluent gas were passed over the catalyst for a period of time ranging from
an hour to scvcral hours to ensurc that the catalyst and the system were operating at steady state.
The gas flow ratc was determined with a wet test meter. The liquid feed pump set point was set
so that the correct liquid hourly space velocity was cstablished. The rate of liquid feed was
determined by measuring the amount of liquid removed from the liquid feed buret during a given
period of time.

During the cquilibrated stage of the experiment the liquid accumulated in the vapor-liquid

scparator was occasionally removed from the scparator by mieans of a valve at the bottom of the
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separator. This was always done slowly to minimize the reduction of the pressure in the system.
The cryogenic gas collector was not cooled during this period because it was much more difficult
to empty than the vapor-liquid separator.

Prior to the start of the matcrial balancc a sample of gas leaving the vapor-liquid separator
was taken to determine the methanc to cthane ratio of the product gas. This was done because
the vapor pressure of methane is high cnough in the cryogenic liquid separator that most of it
escapes to the vent. This does not significantly affect the mass balance because of the small
amount of mcthanc that is normally produced but it makes it impossible to accurately correlate
data bascd on mcthane collected in the cryogenic liquid separator.

AL the start of the material balance the vapor-liquid separator was carefully emptied
~ithout upsctting the system pressure, the volume of liquid in the burct was recorded, the reading
on the wet test meter was sct o zero and the timer was started.  The cryogenic gas collector was
filled with liquid nitrogen and kept filled for the duration of the material balance. During the
coursc of the run the rcactor temperature was rccorded. A reactor temperature profile was
somctimes recorded if it was thought that it might provide useful information about the nature of
the reactions taking place in the catalyst bed.

When the matcrial balance was completed the volume of liquid in the buret and the
reading on the wet test meter were recorded. The time that had elapsed since the start of the
matcrial balance was also noted. The pump was shut off and the valve between the rcactor and
the vapor-liquid separator was shut off to prevent extra product being collected in addition to the
product that was collccted during the time period of the material balance. The valve in the
reactor bypass was openced so that gas would continue to flow from the gas supply system to the

product cuilecting systcm while kecping the reactor separated from the rest of the system.
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The C3 and C,4 species dissolved in the liquid product collected in the vapor-liquid
separator were weathered into the cryogenic vapor collector. The test tube in the cryogenic vapor
collector was removed and weighed to determine the mass of vapor collected.

The test tube from the cryogenic vapor collector was allowed to warm to room temperature
and thc vapors cvolved were collected by water displacement.  The gas that was collected in the
water bottle was transferred to a gas sampling bottlc and a sample was injected into a gas
chromatograph to determine the relative amounts of the different hydrocarbons.

While the test tube from the cryogenic vapor trap wis warming to room te mpcrature the
liquid from the vapor liquid scparator was collected and weighed. A sample of the liquid was
saved in a glass sample bottle which was then stored in a refrigerator. About 0.05 gl of the liquid
way injected onto a 10 percent Phenylmethyl silicon 10 M X 530 um column for gas
chromatographic analysis.

The mass balance was detcrmined by comparing the sum of the weight of the gas and

liquid products with the weight of liquid feed.

Computer Analysis of Results
If the mass balance was good (100 % 2 percent), the chromatographs of the gas and liquid
products were analyzed for the amounts of diffcrent species. A computer program was written to
compute the conversions to paraffins, olefins and naphthenes, and aromatics of different carbon

numbers. The program is found in Appendix B along with a samplc input and output.
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Model Compound Studies

Catalyst Preparation

It is accepted that ZSM-S catalysts exhibit the shape selective properties necessary to
selectively crack normal paraffins and isoparaffins in a mixture of kerosene and higher boiling
range naphthencs.s‘m'zsz'253 However, the optimum parameters that are required for catalyst
synthesis, catalyst pretreatment and rcaction conditions arc not outlined in the literature. The
objective of this research was to dewax an expanded boiling range distillate, to produce a high
density aviation turbine fucl rather, than to produce a high octane naphtha. Therefore, it was
decided to maximize catalyst activity at the cxpense of high octane cracked products.

Initially it was thought best to study the cracking of a model compound, n-hexadecane,
because it is a normal paraffin of approximately the same boiling range as the distillates that were
to be catalytically dewaxed. In addition there are scveral literature references to the cracking of
n-hcxadecane over HZSM-5%4 and PYHZSM-5.253

Unfortunately these reports lack dctails on how the catalysts werc activated. It has been
rcp()rlcdl6 that the active cracking sites in HZSM-S arc the strong acid tetrahedral aluminum sites
which arc not fully activated from thc ammonium form of the catalyst except by calcination at
temperatures above 623-773 K (350-500°C). Carc was takcn not to heat the catalyst to a
temperature higher than that nccessary to activate the strong acid sites to avoid the possibility of
dchydroxylation of strong Bronsted sites to weaker Lewis base sites>® and the consequent
reduction of total cracking activity.

Ammonia TPD indicatcd that most of the strong acid sitcs are activated by heating above

773 K (500°C). Thercfore it was dccided to activate the ZSM-5 catalysts by heating in air to 783

K (510°C) in air at a programmed rate of S K/ min. The sample was held at 783 K (510°C) for




10 minutes followed by cooling to room temperature. The catalysts were then loaded in the

reactor and heated to the reaction temperature.

Thermal Cracking

In order to establish that the reactor possesscd no inherent catalytic cracking activity due
to the wall surface or to the incrt packing in the rcactor a sct of blank cracking runs were
conducted. The reactor was packcd with inert alumina and hexadecane was passed over the
alumina at different temperatures to determine the conversion.  Five runs were done at 50 K
intervals from 573 to 773 K (300 to S0°C). No attempt was made to collect or analyze the gas
product.  The liquid product was analyzed by gas chromatography.

At 573 K, 623 K, and 673 K (300, 350 and 400°C) there was little or no conversion as
cvidenced by the lack of chemical specics other than normal hexadecanc in the liquid product. At
723 K (450°C) a scries of cqually sized peaks from C;( to C5 were obtained. These species were
belicved to have been alpha olefins resulting from the thermal cracking of normal hexadecane. A
scries of other peaks were also obtained. At 773 K (500°C) a higher yield of the same product
slate was obtained. These experiments indicated that the reactor and the inert alumina packing
possessed no inherent cracking activity at temperatures below 673 K (400°C).  Above 673 K
(400°C) the alumina packing may exhibit the ability to catalyze thermal cracking reactions. It was
also concluded that at temperatures greater than 673-723 K (400-450°C) the apparent selectivity

of the catalyst will reflect nonshape-selective thermal cracking reactions.

Hexadecane Cracking at 573 K (300°C)
A scrics of experiments were performed at 573 K (300°C) to determine if the cracking

product boiling above C4 could be maximized by the right choice of operating conditions. The
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way to achicve this object is to minimize secondary cracking of the primary cracked products. The
cracking experiments were performed over a range of WHSV at constant total pressure and
temperature.

The temperature at which the cracking of n-hexadecane over ZSM-5 was studied was
sclected to minimize sccondary cracking of the primary products of the reaction. However, low
rates of secondary cracking arc achicved at thc cxpense of cracking activity. In commercial
hydrodewaxing over ZSM-510 the initial temperature of reaction is 563 K (290°C) with fresh
HZSM-5. As the catalyst dcactivates the temperature is gradually raised to 643 K (370°C) over
a period of several weeks. The reactor then operates at temperatures between 643 and the end
of the cycle temperature, 703 K (430°C) At 703 K (430°C) the catalyst is regenerated.

It is also noted that a study of n-hcxadecane cracking on ZSM-5 by Bezouhanova ct al. >4
indicated that at a LHSV of 1 and a temperature of 643 K (370°C) the primary product obtained
with HZSM-5 of varying Si/Al ratios were C3's and Cg's and to a lesser extent aromatics.
Therefore it was thought that by lowering the temperature of rcaction that the yield of higher
boiling products could be incrcased. A temperature of 573 K (300°C) was chosen to study the
rate of formation of sccondary and primary cracked products as a function of the space velocity.

A pressurc of 200 psig was choscn for the cxperiments becausc it was thought that
hydrogen pressure would reduce the rate of coke formation and maintain catalyst activity. In
commercial dewaxing processes a pressure of 400-800 psig of hydrogen and hydrocarbon is used
with HZSM-51Y and 300-1500 psig with Pt-H-Mordenite.!!

The hexadecane was diluted with hydrogen at 200 psia to prevent the condensation of

hexadecane in the reactor due to the vapor pressure of hexadecane at 573 K (300°C) (=19 psia).
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The ammonium form of the catalyst was pressed into pellets at 90000 psig. The pellets
were then crushed and sized between 14 and 35 mesh. Pellets smaller than 35 mesh were crushed
into powder and repressed into new pellets. Pellets that were larger than 14 mesh were recrushed.
This procedure was followed until all the zcolitc was incorporated into granules between 14 and
35 mesh.

The zeolite was 93 percent crystalline and ammonia temperature programmed desorption
measurements showed that it had 0.5 mmol/g of Bronsted acid sites. After calcination at 783 K
(510°C) two grams of this sample was placed in the reactor according to the procedure described
previously.

An initial experiment was conducted to determine how the catalyst activity and product
«lectivity changes during catalyst utilization.

H_ydrogcn flow at 200 psig was cstablished over the catalyst and the flow of hexadccane
wis started. The temperature of the rcactor was about 577 K (304°C) initially. The flow rate of
hydrogen was 12 I(STP)/(g-cat)(h) and the WHSYV of liquid normal hexadecane was 12.

In the first two or thrce minutes the temperature of the catalyst rose five or ten degrees
centigrade and then dropped as an endothermic temperature protile was established.

Samples of liquid flowing between the catalytic reactor and the vapor liquid separator were
collected and analyzed cvery several hours. The first drops of liquid product contained about 35
weight percent normal hexadecane.  Liquid product after 45 min was about 50 weight percent
normal hexadecane and after two hours the liquid product was about 65 weight percent normal
hexadecane and it remained at that level for the duration of the run.

It was shown from this cxpcriment that the ZSM-5 synthesized and utilized for

hydrodcwaxing rcquircd less than two hours to achicve a metastable activity. Thcre is no doubt
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from the literature !0 that there is a very slow decline in the total catalytic activity that occurs over
weeks and even months. A time period ranging from an hour to several hours was employed for

fresh catalyst attenuation in further experiments.

Cracking Reactions as a Function of Residence Time

A series of cracking experiments were donc to study the effect of residence time with
respect to the formation of different products. Only those experiments in which a mass balance
of 100 = 2.5 percent were considered acceptable.

The fraction of n-hexadecane feed converted and the yiclds of primary and secondary
cracking products as a function of the space time are presented in Figure 72. The yields of each
carbon number produced per one hundred moles of normal hexadecane converted for two different
space times arc presented in Figure 73.

The percentage of [ced converted to primary cracked products and to sccondary cracking
products was determined by the fact that the moles of fced consumed is equal to the moles of
primary cracking reactions and to onc half the moles of primary products. The diffcrence between
the total molcs of cracked products and the moles of primary products is the moles of secondary
cracking products.

[t is also assumcd that the average molecular weight of primary cracked products is equal
to onc half of the molccular weight of the {ced and that the average molccular weight of the
sccondary cracked products is cqual to onc fourth of the moiccular weight of the feced. These
rclationships were used in the derivation of the mass balance equation to express that the weight
percent of feed converted, the weight percent converted to primary cracked products and to

sccondary cracked products. The data obtained from these expcriments was processed and is

presented in Figures 72 and 73.
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The conversion of feed, the yield of primary and secondary cracked products as a function
of WHSV-! are presented in Figure 72. The secondary cracked products appear to form in
parallel with the primary cracked products in Figure 72. This indicates that the lag time between
the formation of primary cracked products and thc formation of secondary cracked products is
very short.

The carbon number yiclds per 100 moles of feed converted is presented in Figure 73 for
two different space times. As in Figure 72, the distribution of product carbon numbers is not a
function of space time (or conversion of the feed) indicating that the formation of secondary
products from primary cracked products is rapid. It was originally theorized that at lower space
times (lower conversions) the products would have significantly more gasoline range boiling material
than at longer space times and higher conversions. However at the two space times for which data
is presented in Figure 73 there is very little variation in the carbon number yiclds cven though
there is a large difference in the two space times.

When the mechanism of cracking is considered it is apparcnt why the formation of
sccondary cracked products occurs so rapidly in parallel with the formation of primary cracked
products. The rate determining step for the formation of sccondary cracked products is the same
as the rate determining step for the formation of primary cracked products. The rate determining
step for the formation of primary products from hexadecane, as in other catalytic cracking rcactions,
is the abstraction of a hydride ion to form a carbonium ion.!l The carbonium formed rapidly
cracks and to a smaller carbonium ion and an olefin. The carbonium ion formed in the primary
cracking rcaction can rapidly crack to form secondary products.

Plots of the weight fraction of the fced converted to paraffins, olcfins and naphthenes,

and aromatics as a function of space time is presented in Figure 74. Aromatics and paraffins are

222




1.0

0.3 1

Conversion, wt.%

Figure 74.

g Conversion
e Aromatics
B Clefins and Naphthenes

¢ Parzffins

v
0.8

Space Time, h

Product Distribution as a Function of Space
Time for the Cracking of Normal Hexadecane

at 575 K and 200 psia

223




secondary products formed from olefins (primary products) by hydrogen transfer reactions. There
is no lag time in their formation indicating that the secondary reactions of olefins to form aromatics
and paraffins occurs more rapidly than the formation of olefins.

These sets of experiments indicated that the ratio of primary to secondary cracked products
cannot be varied by varying the rctention time of the feced. This is because secondary cracked
products are formed so quickly from primary cracked products that the formation of secondary
cracked products appears to take place in parallel with the formation of primary cracked products.

It is recognized that the sclectivity of the catalyst for the formation of primary products
can be adjusted by altering the conditions of catalyst synthesis and pretreatment. However, the
objective of this research was not to maximize naphtha production so further investigations

concentrated on kerosene freeze point reduction by dewaxing.

Distillate Fuel Studies
Freeze Point Reductions of Kerosene and Diesei Fuels

Samples of kcrosene and dicscl fuel were obtained from the Flying J Oil Refinery in Salt
Lake City. Both were distillate cuts from a blend of Wyoming Sweet and Altamont crudes.

The kerosene cut had an initial boiling point of 411 K (138°C) and an end point of 603
K (330°C) The dicscl had an initial boiling point of 456 K (183°C) and an end point of 673 K
(400°C).  The initial boiling points and cndpoints were bascd on boiling points at normal
atmospheric pressurc.  From the GC analysis it was cstimated that the kerosene had an average
molccular weight of 182 g/mol.

The kerosene as received had a freeze point of 253 K (-20°C). The diesel had a freeze
point of 280.45 K = 0.1 K (7.3°C # 0.1°C) and a cloud point between 278.15 and 278.95 K (5.

and 5.8°C)
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A sample of kcrosene was cracked over HZSM-5 at a WHSV of 12, a hydrogen/
hydrocarbon ratio of 13.5, a temperature at 643 K (370°C) and a total pressure of 200 psia. The
reaction was run discontinuously for three days. This was done to collect enough liquid product
to have sufficient sample for the detcrmination of the frecze point after distillation of the naphtha
fraction. No mass balance was attempted. At the conditions of the experiment 30 percent of the
total kerosene feed was converted to cracked products.

The liquid products collected in this run were distilled to 446 K (173°C) to remove the
cracked products from the unconverted kerosene boiling range feed. The freeze point of the
product boiling above 446 K (173°C) was less than 213 K (-60°C) The density of the kerosene had
increased from 0.791 to 0.822 at ambicnt temperature.

A sample of kerosene was cracked at a WHSV of 11.1, a hydrogen/hydrocarbon ratio of
13.9, a temperature of 642.5 K (369.5°C), and a pressure of 200 psia. A inass balance of 101.1
percent was obtained in this experiment. The purposc of this run was to determine the products
obtained from cracking of kerosene on HZSM-5 under approximatcly the same conditions for which
the kerosene based jet fuel was obtained. A plot of the product carbon number yield per 100
moles of converted feed as a function of feed and conditions is presented in Figure 75. These
results can be compared to Figure 73 which was obtaincd for the cracking of normal hexadecane
at 575 K (302°C). A list of the different products produced from cracking normal hexadecane at
575 K (302°C) on HZSM-5 and [rom cracking kcroscne on at 643 K (370°C) on HZSM-S is
presented in Table 31, The products per onc hundred moles of kerosene cracked were adjusted
to the same valuc as the products per one hundred moles of hexadecane cracked. This was
nccessary because of the lower molecular weight of the kerosene. The factor by which they were
multiplicd was thc molecular weight of normal hexadecane (226 g./mol.) divided by the average

molecular weight of the kerosene (182 g./mol.)
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Table 31

Product Distribution from the Cracking of Normal
Hexadecane and Kerosene over HZSM-§

Feedstock
Normal Ilexadecane Altamont & Wyoming
Sweet Kerosene
Temperature, K 575 643
Reactor Pressure, psia 200 200
o - 0.5
C'):' 1.0 3.2
C5 0.1 0.6
(3= - 31.4
3 37.5 42.7
1-Cy 13.5 19.3
n-Cy 21.7 47.1
Cy= 21.2 45.5
i-C5 19.3 11.6
n-C5 544 19.4
C5= 23.8 34.6
Cq . 394 12.2
Co= 9.3 20.3
Benzene 6.4 3.2
) . 14.8 7.4
C7= 4.2 } 109
Tolucne 5.5 3.4
Cg . 7.6 43
Cg= 4.5 6.6
C8 aromatics 4.3 5.5
Gy . 2.0 3.1
Cy= 0.9 2.6
C9 aromatics 4.4 4.4
+C 10 6.6 -
Total Moles/100 Moles Cracked 302.4 340.3
(adjusted)

* olefins and naphthenes
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At 643 K (370°C) C is the most abundant product when converting kerosene and that at
573 K (300°C) Cs is the most abundant product when converting n-hexadecane (Figure 75). The
difference is due to temperature rather than to the difference in the molecular weight of the feed.
This is confirmed by Corma and co-workers2> ! who found that C; is the major product for
cracking normal hcptanc on HZSM-S at 723 K (450°C) and by Bezouhanova et al.24 who cracked
normal hexadecane on HZSM-5 at 643 K (370°C). Thcy found that at low Si/Al ratios that Cs
was the major product and at higher Si/Al ratios that C4 was the major product.

On acid catalysts paraffins arc cracked by a g-scission mechanism. Traditionally propylene
and butenes arc thought to be the main product of B-scission.258 This is true for cracking
operated at high temperatures but at low temperatures butenes and pentenes are the major
products from cracking over HZSM-S. This is probably because carbonium ions are more stable
on the fourth or fifth carbon at lower temperatures than on the third and fourth carbons. Because
of the predominance of carbonium ions located at highcr carbon atoms therc is a resulting increase
in the formation of C4 and Cs.

A sample of dicsel fucl was passed over HZSM-5 at a WHSV of 12.5-13 with a hydrogen
flow of 15-18 I(STP)/(gecat)(h) at 643 K (370°C) and a total prcssurc of 200 psia. The reaction
was run continuously for two days. The runtime was cxtcnded to two days to produce a reasonable
amount of keroscne after distilling out the naphtha. No mass balance was attempted but the
conditions of the run were such that 30 percent of the feed was converted.

The total liquid product was distilled to 485 K (212°C) to remove the gasoline product
from the unconverted dicscl feed. The freeze point of the remaining uncracked diesel was reduced
from 280.3 K (7.3°C) to less than 208 K (-65°C) The specific gravity had becn incrcased from 0.81

to 0.835. Even though the dicsel had an initially higher freczing point than the kerosene, after
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dewaxing both samples had cssentially no freezing point whatsocver. Since the unconverted portion
of the cracked kerosene and distillate cuts consisted principally of naphthenic molecules there was
a vast number of different species and different isomers. Consequently, it is difficult for crystals
to form because of the low possibility that molccules of the same species or of the same shape can
agglomeratc to form crystals. Instcad of forming orderly crystal structures unlike molecules bond
together by van der Waals’ forces and the viscosity of the mixture increases. The result of
molecules being held by van der Waals’ forces without crystals being formed is the formation of
a gel that probably does not form crystals cven il cooled to cryogenic temperatures.
This docs not mean that the low temperature properties of such a mixture would be
suitable for use in aviation turbines simply because the fucl does not frceze. Rather, the low
temperature viscosity properties of the fuel bccome more crucial than it’s frecze point in aviation
turbine fucl applications.
These two experiments showed three things:
1. the freeze point of a waxy naphthenic kcroscne and diescel could be reduced
to mcet jet fuel specifications for frecze points;

2. the frecze point of catalytically dewaxed jet fucls may be replaced by the
viscosity of the fucl in sctting the low tcmperature limit in aviation turbine
fucl applications; and;

3. the density of a waxy naphthenic distillate is increased by catalytic dewaxing.

Dewaxing of Kerosene and Diesel to Maximize Density
The possibility of increasing the density of the keroscne or diescl cuts by catalytic dewaxing
was investigated. The dewaxing of these two samples had not completely removed the paraffins.

Since paraffin and isoparaffin molecules reduce the overall density of a distillate, a sample of

229




kerosenc and diesel were submitted to shape selective cracking under such conditions that all or
nearly all the paraffins were selectively removed by cracking. These experiments were conducted
so that the catalyst operated in a hydrocracking mode induced by hydrogen partial pressures over
900 psia which caused an increasc in catalyst activity and selectivity.

The kerosene was cracked at a WHSV of 11, a temperature of 643 K (370°C) and a
hydrogen partial pressure of 900 psia. The hydrogen/hydrocarbon pressure ratio was 40. It was
kept high to keep the kerosene partial pressure low enough so it would vaporize completely in the
reactor. The conditions of the experiment were such that 60 percent of the feed was converted
to lighter products.

The liquid product was distilled to 471 K (194°C) to match the initial boiling point of the
United States Air Force (USAF) high density JP-8 grade jet fuel. The kcroscne feed had a final
boiling point of 603 K (330°C) which surpasscd the final boiling point of JP-8 grade jet fuel by 30
K. It was assumed that the final boiling point of the kcroscne did not change during dewaxing.

The undistilled kerosene was filtered with activated charcoal to remove a light lemon color
that developed during distillation.  The specific gravity of the liquid was 0.83 at ambient
temperature and represented a specific gravity incrcase of 0.04 above that of the unreacted
kcrosene and almost 0.01 above the density of the keroscne cracked at less severe conditions.

A sample of dicsel was hydrocracked under the same conditions hydrocracking conditions.
It was distilled up to 475 K (212°C). The specific gravity of the diescl boiling product was 0.855
and represented a specific gravity increase of 0.045 over the unreacted kerosene and a specific
gravity incrcasc of 0.025 over the dicscl cracked under less severe conditions.

These two cxperiments show that the density of a jet fuel can be increased at the expense

of the total yicld of the product.
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There is no doubt that mild hydrodcwaxing can increase the yield of jet fuel from the

original feed at the expensc of the density and still meet the frecze point specifications.

Conclusions

It is possible to reduce the frecze point of jet fuel boiling distillates by shape selective
cracking of paraffins in the presence of naphthcnes on HZSM-S catalyst. The freeze point
reduction is due to the reactant selectivity of HZSM-5 which allows paraffins and isoparaffins to
diffuse to active cracking sites while it restricts the diffusion of bulkicr naphthenes into the pore
structure. The standard rcaction conditions were 043 K (370°C) and 200 psia total hydrogen plus
hydrocarbon pressurc.  The feced rate of hydrogen was such that the hydrocarbon feed to the
reactor was in the vapor phase.

The catalytic rcactor was opcrated to crack kcrosene and diescl boiling range cuts in the
presence of HZSM-S cracking catalyst. Duc to the restricted size of the pores of HZSM-5
catalyst, paraffins were selectively cracked in the presence of bulkicr naphthenes.  After the
distillation of the naphtha formed from the cracking of the paralfins, the resulting distillate had a
greatly reduced freeze point. Densities were also increased by several percent due to the selective
removal of the less dense paraffins and isoparaffins from the feedstocks.

Under more severe hydrocracking conditions it was possible to produce a kerosene boiling
range distillate with very low freeze point and a density of 0.83, which was well within the density
requircments (0.775-().84)3 for the military high density JP-8 fucl. The high density of the fuel
was a result of two factors:

1. the high naphthcnce content of the dewaxed kerosenc; and

2. the expandced boiling range of the kerosene (a 30 K higher endpoint than

JP-8 grade jet fucl).
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Under the same conditions a diescl boiling distillate (485-673 K [212-400°C]) with a very
low freeze point and a density of 0.855 could be obtained which surpassed the density range for
JP-8 grade jet fuel.

High density jet fuels can be produced by dewaxing expanded boiling range kerosene. The
density obtained is a function of the endpoint of thc fuel. The dewaxed diesel had a higher
endpoint than the dewaxed kcroscnc and as a conscquence, a higher density.

Normally the freeze point scts the low temperature limits of potential jet fuels. If jet fuels
can bc cconomically dewaxed to remove paratfing the freeze point of jet fuels will be less of a
factor for determining what kinds of teedstocks can be used for jet fuels. The low temperature
viscosity will become a more important factor in determining what distillate cuts will be suitable for
the production of jet fucls.

Cracking of kcrosene and normal hexadecanc over HZSM-5 occurs by g-scission. At 573
K (300°C) the activity of the catalyst is low enough so that Cg is the most abundant product. At
643 K (370°C) C4 is the main product. It is anticipatcd that at temperaturces over 673-723 K (400-
450°C) that C5 would be the main product. Higher temperatures result in smaller fragments from
B-scission cracking.

Sccondary cracking and aromatization rcactions appear to be occurring parallel to primary
cracking rcactions. This is because the rate determining step for primary cracking, secondary
cracking and aromatization rcactions is the same, the abstraction of an hydride from a paraffin to
form a carbonium ion which can crack and recrack, or crack and abstract an hydride from a
naphthene or another feed molecule. At conversions higher than maybe a few percent the product
yicld is not a function of conversion and rcsidence time, it is a function of other variables like the

tempcrature, the Si/Al ratio and the method of catalyst pretrcatment.
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Introduction

Catalytic activity is rclated to the number of active sites that are distributed over the
surfacc of the catalyst. It is gencrally assumed that the number of catalytic sites per unit mass of
catalyst will incrcase as the surface area of the catalyst increases. During catalyst pretreatment or
nse changes in the catalyst may occur that could result in an increase or decrease in the total
catalyst surfacc area. If the pretrcatment of a porous oxide catalyst includes a calcination
proccdurc caution must be exhibited to insure that the calcination tcmperature does not induce
collapse of the pore structure of the catalyst. When the calcination temperature is too high the
collapsc of the pore structurc will cause a significant rcduction in the surface area of the catalyst
with a loss of active sites and a concomitant loss of activity. Sintcring of the metal crystallites in
supported mctal catalysts during calcination or reduction will also be accompanied by a significant
loss in catalytic activity.

The surface arca of porous catalysts can also be affected by chemical processes which take
placc during the course of the reaction such as the deposition of carbonaceous residues. For
cxample, in zcolite cracking catalysts such as ZSM-5 there are two types of catalyst deactivation
duc to coke deposition. Coke or organic residuc may deposit either (1) directly on the catalytically

active sitc, or (2) at thc porc mouths of the catalyst (pore mouth plugging).

233




If the zeolite catalyst deactivation occurs via mechanism 1, large losses in catalyst activity
would be accompanied by small losses in catalyst surface area. In the case of mechanism 2, large
losses in catalyst activity are accompanied by large losses in accessible catalyst surface area. Thus
a knowledge of the surface area of fresh, cquilibratcd, and deactivated catalysts is necessary for
the complete cvaluation of catalyst performance.

In addition to surface arca changes the adsorption and desorption of an adsorptive such as
nitrogen can provide important information regarding the pore structure of a catalyst.

The most widcly applied technique for the determination of the surface areas and pore
sizes for porous matcrials is the BET method.2%? Thus. a BET surface area measurement system
wis designed and fabricated for use in the determination of surface areas of laboratory prepared

samples of the ZSM-family of zeolites.

Procedure for Surface Area Measurement

Surface areas of porous adsorbents and catalysts arc calculated by determining the amount
of an adsorptive that forms a monolayer on the surface of the adsorbent. The amount of an
adsorptive that is required to form a monolayer on a catalyst can be determined by either of two
methods:260

1. thc volumetric method, and

2. the gravimetric method.

The volumetric method consists of determining the pressure of a quantity of the adsorptive
in the presence of the solid. The amount adsorbed is calculated by taking a mass balance over the

systcm. An adsorption isothcrm is determincd by measuring the amount adsorbed for a series of

diffcrent pressurcs at a specified temperature.
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In the gravimetric method the amount of gas adsorbed on the solid is directly measured by
weighing the sample on a microbalance. The weight of the clean catalyst is determined in a
vacuum. The weight of the catalyst is tﬁen detcrmined after it has come to equilibrium with the
adsorptive at a known pressure and tcmperature. The volumetric method was used in this
investigation and a volumectric adsorption apparatus was designed and constructed.

Monolayer coverage cannot be dircctly determined for physisorption because multiple layers
of adsorptive molecules arc formed on the catalyst surface. However, the BET equation259 may
be uscd to calculate the volume of a gas adsorbed at the temperature and pressure required to
form a monolayer on a catalyst surfacc. The BET cquation is based on the concept that the
sccond and higher monolayers of physisorbed adsorptive are a liquid phase, while the first
monolayer cxists as a physisorbed phase on the bare surface. The BET cquation, which is derived
in Appendix A, provides a relationship between the volume of gas adsorbed on a surface and the
pressurc at which it is adsorbed. The monolayer volume, v, appears in the cquation and can be

calculated if the volumes adsorbed at different pressurces and a single temperature are known.

Experimental Apparatus

The BET system constructed {or this investigation consisted of four parts:
1. an adsorption system for the detcrmination of adsorption and desorption isotherms;

2. a vacuum system to properly cevacuate all parts of the system prior to the

determination of the isotherms;

3. a gas supply system to properly store and handle gascs used in the system without

contamination; and

4. a catalyst pretrcatment system to preparc the catalyst samples.
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A schematic of the BET system is presented in Figure 76. All the major components are labelled.
The BET system was constructed so that dynamic pressures of 100 torr could be attained.
Consequently, the BET system was constructed with Pyrex glass tubing and high vacuum Pyrex glass
joints lubricated with high vacuum grcasc. The system’s small volume in relation to the capacity

of the diffusion and mcchanical vacuum pumps minimized the system evacuation time.

Adsorption System

The adsorption and gas handling systcm is the dashed rectangle labelled I in Figure 77.
A more detailed diagram of the adsorption system and the gas supply system is shown in Figure
78. The adsorption system consists of:

l. a calibrated doscr manifold of known volume, Vpy, to introduce the adsorptive into

the sample cclls;

2. two sample cclls to hold thc catalyst samplc cells during the determination of

adsorption/desorption isotherms;

3. a pressure gauge to determine pressure in the doser volume and in the sample cell

during adsorption cxperiments; and

4. a calibration bulb of known volumc to dctcrmince the dead volume and to

supplement the dosing volume when needed.

The pressure gauge was an MKS Baratron Type 222B Absolute Pressure Gauge. It
consisted of a capacitor positioned between the system and a volume evacuated to 107 torr. The
capacitor was connccted to an clectronic signal conditioner which converts clectronic frequencies
to voltage outputs, and scnds a signal to an MKS Brand 200/400 Scrics PDR-D-1 Power Supply
and Digital Rcadout. The Baratron gauge operates as a result of the deflection of a metal

diaphragm which serves as onc side of the capacitor. When the pressure causes the diaphragm to
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1. Storage bolile
2. Supply maniloid 1.
3. Capiflary manilold

4. Caiibration bulb of known voluma
5. Sample cells

6. Baritron pressurs gauge

7. Main mandold

8. Sample pretraatment connection

9. Penning high vacuum gauge
10 Oiltuslon pump cold trap

11. Dillusion pump
12. Difusion pump bypass
12. Mechanical pump cold trap

14. Mechanical pump

Figure 76. Schematic of the BET System
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deflect, the capacitance of the capacitor changes. This change in the capacitance is measured
electronically, recorded, and displayed. The Baratron pressure gauge was connected to the capillary
manifold by a 1/2 inch Cajon Ultratorr union. The doser system had a suitable connection which
allowed the Baratron gauge to bc mounted in a vertical position to prevent contamination of the
diaphragm.

The doser system was constructed from two mm inside diamecter Pyrex tubing to minimize
its volume. The volume of the doser systcm was determined by calibration with a calibration bulb
of known volume. The volume ol the calibration bulb was determined prior to the construction
of the gas adsorption system. A glass bulb was blown and connccted to a two mm stopcock which
allowed the bulb to be sealed. The bulb was evacuated with a vacuum pump, then weighed on a
wiboratory balance capable of reading to 10 g The bulb was filled with degassed distilled water.
The bulb and the water were allowed to come to thermal cquilibrium in a calorimeter. The
temperaturc of the water was determined and the stopcock was shut. The exterior of the bulb was
dricd and the bulb and water were weighed. The volume of the bulb was calculated from the
density and weight of the water. This procedure was repeated nine times and the volume of the
bulb was determined o be 51.26 cm? = 0.011 ¢cm?,

In order to conncct the sample cells to the doser volume, the doser volume was outfitted
with two conncctions which consisted of a two mm stopcock and a 10/30 female connection.

The cclls consisted of two parts, the actual cell itself which consisted of an oblong bulb.
The oblong bulb contained a thermowell for temperature measurement. This bulb was connected
to a 12/30 ground glass male joint by a 10 inch long neck. This allowed the cell to be fairly well
submerged in a liquid nitrogen bath. The other portion consisted of a ¢t mm stopcock with a

12/30 ground glass [cmalc joint to which the ccll was connccted, and a 10/30 ground glass male
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joint which allowed the stopcock and ccll to be connected to the doser manifold. This arrangement
permitted the transfer of the catalyst sample from the sample pretreatment connector to the doser

volume connector without exposing the catalyst sample to the atmosphcre.

Vacuum System

The vacuum system is indicated by the dashed box labelled IT in Figure 77. The vacuum
system permitted the evacuation of thc adsorption cell pressure to less than 104 torr without the
back migration of oil vapors into the system. It consisted of a CVC PMCS-4B diffusion pump
backed by a GCA Precision Scientific D25 mechinical vicuum pump. Dow-Corning 704 diffusion
pump fluid was used in the diffusion pump.

The adsorption system was isolated from the vacuum pumps by liquid nitrogen cold traps
to prevent back strcaming of the pump oils. These cold traps were kept filled with liquid nitrogen
in normal operation. Onc cold trap was placed between the dosing and gas storage manifolds and
the vacuum system, and the other was between the mechanical pump and the diffusion pump. The
pumps could be isolated from onc another and from the system by three 25 mm glass stopcocks.

The system vacuum was monitored with a CVC brand GPH-320C Pcnning Vacuum Gauge
mounted between the vacuum systcm and the supply manifold. The gauge was capable of

mcasuring pressurcs in the range 107 to 0.25 torr.

Gas Storage System
The gas storage system is indicated by the dashed box labelled IIT in Figure 77. Nitrogen
was most frcquently used as an adsorptive in dctcrmining isotherms. Neon26! was used for
determining cell dead volumes becausce at ambient temperature it does not physisorb on catalysts

or adsorbents and it docs not diffuse through glass like helium. The gas storage system consisted
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of a gas supply manifold connected to two 5000 cm3 glass bulbs by high vacuum stopcocks. One
bulb was used to store nitrogen. The other was used to store neon. Gas was added to the supply
manifold and storage bulbs through a four mm stopcock connected to a 12/30 female joint. The
supply manifold was constructed of 25 mm i.d. Pyrex tubing. The supply manifold was connected

to the vacuum manifold and to the doser volume by means of a four mm stopcocks.

Catalyst Pretreatment System
The catalyst pretreatment system is indicated by the dashed box labelled IV in Figure 77.
It was connected to the ccll by Pyrex tubing which was placed below the diffusion pump bypass
on the BET system. The cell was heated with a 1200 watt Autoclave Engineer’s brand furnace

controlled by a Variac.

Adsorption/Desorption Isotherm Procedure

Determinatior of Sample Cell Dead Volume

In the volumetric method for dctermining BET isotherms and hysteresis curves, it is
nccessary to know the total cell dead volume and the cell volume at the isotherm temperature.
This madc it necessary to determine the total cell dead volume, V-, and the cryogenic cell volume,
V. prior to putting the catalyst into the cell. Before initiating the BET isotherm the cell volume
is again mcasurcd with the catalyst in the cell. The reduction in the total volume is assumed to
be totally duc to the volume of catalyst in the cell and is subtracted from the cryogenic cell volume
that was originally mcasurcd when the cell was empty.

The procedure for determining the cell volumes consisted of the following steps. An acid
washed glass wool plug was placed in the top of the cell and the cell and stopcock assembly were

connccted to the doscr volume. The cell system was cvacuated to less than 104 torr. Stopcock
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(8) (Figure 78) was shut to separate the doser volume from the cell. Neon was admitted to the
doser volume and the pressure indicated on the Baratron gauge was recorded. Stopcock (8) was
then opened and the neon allowed to enter the cell. This procedure was repeated several times
to insure reproducibility. The ccll volume was then calculated from Equation (7-1), which assumes

that the temperaturc of the doser manifold and the empty ccll are cqual.

PL-P
Ve = Vg (—5—5) (7-1)
C D P2 Po
where
P, is the original pressure in the cell, torr;
P is the original pressure in the doser volume, torr;
Py is the pressure in the cell and doscr volume after the stopcock is opened, torr;

Vp s the doser manifold volume, torr; and

Ve s the total dead cell volume, cm?.
After the cell dead volume had been determined, the cell was immersed in liquid nitrogen

up to a specific level. The above procedure was repeated to determine the cryogenic cell volume.

The cryogenic cell volume was calculated from Equation (7-2):

TC (P2 - P

)
0
Viee = (Ve#Vp) Ty 7o) (P - P

2)

(7-2)

where:
V! is the cell volume at the cryogenic temperature, cm3;

Tc  is the temperature of the liquid nitrogen bath, K; and

Ty  is the ambient temperature, K.

243




The cell volume at ambicnt temperature is calculated from Equation (7-3).

Ver = Ve - Ve (7-3)

where:

VCH is the cell volume at ambicnt temperature, cmS.

Once the total cell volume and the cell volume at cryogenic temperature were determined,
the cell and stopcock were removed from the doser volume. The glass wool plug was removed
from the cell and saved. A wcighed amount of catalyst was placed into the cell and the glass wool
plug was rcinscrted into the cell.

The sample was then ready for degassing. The purpose of degassing is to remove any
adsorbed species from the catalyst surface.  Water is usually the main adsorptive that needs to be
rcmoved.  The temperature and total time of dcgassing were a function of the catalyst. For
ZSM-5, holding the sample of ZSM-5 at 623 K (350°C) for scveral hours under the diffusion pump
vacuum was more than sufficient. ZSM-5 is a hydrophobic matcrial and almost all the water is
desorbed below 523 K (250°C).262 A 10/30 female connector and stopcock were available on the
BET vacuum system for degassing samples. The position of the degassing connector allowed
samplcs to be degassed while the adsorption isothcrms were being determined for other samples.
Once the degassing was completed, the stopcock on the cell was shut to maintain the sample under
vacuum. The stopcock and cell were transferred to the doser volume manifold to obtain the
isotherm.

Prior to thc dctcrmination of the adsorption isotherm, it was always necessary to
redetermine the total ccll dead volume with the sample in the cell. This was done with the dosing

volume and the ccll at ambicnt temperature. The procedure described above was used to
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determine the dead volume of the catalyst-cell system. The difference in the cell volume before
and after putting the sample in was assumed to be the volume of the sample, and this volume was
subtracted from VlCC' the volume of the empty cell at the isotherm temperature. This volume
was denoted Vi~ and represented the dead volume of the cell at the cryogenic temperature of
liquid nitrogen. V., the dead volume of the cell at ambient temperature, did not change even
though the cell contained a sample, becausc the sample was positioned in the portion of the cell
that was submerged in liquid nitrogen during the determination of the adsorption isotherm. The
difference between the total cell volume and the volume at liquid nitrogen temperatures was
denoted Vg and appears in the mass balance.

An alternate and more efficicnt method requires helium to be used as the gas to determine
the cell dead volume. The first step is to load the catalyst into the cell before determining the
cell's dead volume, and then degas the sample.  After degassing, the ccll is connected to one of
the sample ports on the dosing manifold, the system is cvacuated. and the samplc-ccll is submerged
in liquid nitrogen to the level at which it is submerged during the determination of the BET
surface arca. The procedure is then followed for determining the cell’s dead volume at ambient
temperature, but helium is used instcad of ncon because it is cxpected that helium will not
physisorb on the adsorbent. The volume is then calculated from Equation (5-23), and a revised
form of the mass balance is used when the adsorption/desorption isotherm is calculated. The
volume determined by this method will be several times larger than the actual dead volume because
the helium will be concentrated in the portion of the cell held at cryogenic temperatures.  This
mcthod was ncver used but it is recommended because of its simplicity as compared with the
mcthod outlined previously. Onc attcmpt was made to do this procedure with neon, but it was

unsuccessful because ncon will physisorb on zeolite at liquid nitrogen temperatures, even though
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the temperature of liquid nitrogen is well above the critical temperature of neon (boiling point of

nitrogen @ 650 torr = 76.1 K, critical temperature of neon = 44.4).263

Determination of the Isotherm

The actual adsorption isothcrm was determined according to the following procedure. The
gas supply manifold, thc dosing volume and the ccll were all cvacuated to 107 torr. The cell was
immersed in a liquid nitrogen bath to the same level at which the cryogenic cell volume had been
determined. Then stopcocks (1), (2), (6), (7). (9). and (10) were shut to separate each part of the
systcm from every other part. Stopeock (4) on the nitrogen storage bulb was opened to admit
nitrogen into the storage manifold. Stopcock (7) between the supply manifold and the dosing
volume was opened, and nitrogen was admitted to the dosing volume. The nitrogen initial pressure
in the dosing volume was adjustcd by withdrawing a small amount of thc nitrogen into the
calibration bulb until the pressure reached the desired level. The gas in the calibration bulb was
then available for further use.

The appropriate initial doscr volume pressure is critical in order to have the desired amount
of adsorption on the catalyst. During the determination of the adsorption isotherms, the pressure
in the doscr volume must be greater than the pressurc in the sample cell at cach step. During the
determination of the desorption isotherms, the pressure in the dosing manifold must be less than
the pressure in the sample cell. The pressure in the doser volume was recorded as Py. Stopcock
(9) on the cell was opened, and nitrogen flowed into the ccll and was adsorbed by the sample.
The pressurc in the doser volume-sample cell-catalyst system usually required up to 30 min for the
prcssurc to cquilibrate. The greater the amount of nitrogen adsorption, the longer it took for the
system to come to cquilibrium.  After cquilibrium was established, the pressure (P,) was recorded.

Stopcock (9) on the ccll was shut and additional nitrogen was admitted to the doser volume. This
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procedurc was continucd for as many isothcrm points as was dcemed necessary. If the surface area
of ZSM-5 was being determined, data was taken up to a value of p/p, of 0.15. If a complete
adsorption/desorption isotherm was being determined, the procedure was continued until the
pressure had reached the saturation pressure of nitrogen vapor at the temperature of the sample
followed by reduction of the pressure to a few torr.

When the complete adsorption/dcsorption isothcrm was detcrmined, the adsorption portion
of the isotherm was terminated after the pressure in the cell had reached the vapor pressure of
nitrogen at the temperature of thc catalyst in the ccll. This pressure was usually a few torr above
the ambicnt pressure.  This was because the ambient pressure regulates the temperature of the
boiling liquid nitrogen bath which was always slightly above thc boiling temperature of pure
nitrogen at the ambient pressure duc to the presence of condensed oxygen in the liquid nitrogen
bath. At the maximum pressure, carc was taken to insurc that the pressure in the cell had indeed
attained equilibrium.  If this caution is not obscrved, desorption will causc a deviation in the
adsorption isotherm at pressures below the hysteresis pressure.  Thercfore the adsorption isotherm
was usually stoppcd a few torr below the actual vapor pressurc of nitrogen.

In determining the isotherm it was important to always maintain the level of liquid nitrogen
in the bath around the ccll at the same level at which the value of V 'CC was measured to reduce
the possibility of mcasurcment crrors.

Whenever nitrogen was admitted to the doser volume prior to opening the stopcock on the
cell it was uscful to cstimate the appropriate Py in the doser volume to give the desired value of
P, in the cell and doser volumc after the pressurc had been allowed to equilibrate. A
scmiquantitative method for estimating Py was dcveloped. The quantity g was defined according

to Equation (7-3):
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The ratio of pressures also appears in Equation 3-1 and g is a function of position on the
adsorption isotherm, and gradually changes as a function of p/p,. It gave good predictions of the
value of Py to give a desired valuc for P5. The procedure was to determine g for the point
corresponding to P on the adsorption isotherm and then use Equation (7-5) to calculate the
desired Py for the point corresponding to P .
PIl = Pl2 + ‘B(P|2'P|0) (7-5)

where:

P, I is the predicted pressure of the doser volume, torr;

Pz' is the desired equilibrium pressure, torr; and

P,' is the pressure in the sample cell, torr.

The pressure, P'l. in the doser volume required to raisc the pressure in the sample cell
{rom P! otoP ’2 after stopcock (9) was opencd was calculated (rom Equation (7-5). This method
can calculate values for Py such that there is a very cven spacing between consceutive points on

the adsorption/desorption isotherm.

Calculation of the Adsorption/Desorption [sotherm
After sufficient data points had been taken, the mass balance was used to calculate the amount
of nitrogen gas adsorbed on the catalyst for cach sct of data points. The mass balance equation

uscd to calculate the volume adsorbed can be derived from the gas law and is given by:

T v
Vuwo t B PP

STP

ads ads,o

(7-6)
e A N SIPE TN

STP TH TC
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where:
Va.4s is the volume of gas at STP adsorbed, cm3;
vads,o is the volume of gas at STP adsorbed at the previous data point, cm3;
Pgrp is the standard pressure, 760 torr; and
Tgrp is the standard temperature, 273.15 K
After the amount of gas adsorbed on the sample for cach P | was calculated the linear form

of the BET <:quation259 was used to calculate V the monolayer volume of the adsorptive at

ads,m’

the standard temperature and pressure that is required. The lincar form of the BET equation is

given in Equation (7-7).  Equation (7-7) is also referred to as the BET (A) equation.

T - i+ vi-c—ll' ‘)p—) (7-7)
ads(po'p) nC o€ o
where:

Vi is the monolayer volume, cm3;

Vags s the volumes (STP) which adsorbed at a pressure p, cm3;

p is the cquilibrium pressure, torr;

[ is the vapor pressure of adsorptive at the sample temperature, torr; and

c is the ‘c-valuc’.

Il p/p,, is plotted versus p/V 4 (p,-p) @ straight linc of slope (¢c-1)/V ¢ and intercept of 1/V ¢
should be obtained.  The slope and intercept can be solved to give Vi, and ¢. V, would then
bce used in Equation (7-8) to calculate S, the surfacc area of the catalyst or adsorbent per unit

mass.

V. N,
S= 722,400 m A (7-8)
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where:

S is the surface area of sample g/cm3;

Vn  is the monolayer volume, cm3;

m is the mass of sample in ccll, g;

N,y is Avogadro’s Number; and

A is the area covercd by a single molecule of adsorptive, m?2.

The area covered by a single molecule of adsorbed nitrogen is 16.2 X 1020 m.2,
The variable c is related to the heat of adsorption of the adsorptive on the sample by

Equation (7-9).

¢ = A, exp(LEizEul) (7-9)

where:
E,; is the heat of adsorption of the first monolayer, cal/mol;
Ep s the heat of adsorption of further laycrs, assumed to be equal to the latent heat
of condensation, cal/mol;
R is the Universal gas constant, cal/mol/K;
T is the absolute temperature of sample, K; and
Ay is the pre-exponential factor.

The relationship between A and the pore size is discussed in a subsequent scction.

Scope of the BET System

In addition to being uscd to dctermine surface areas of catalysts and adsorbents the BET

system can be used to investigate the deactivation of catalysts. For example, if ZSM-S is heated
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to 973 K (700°C) followed by contact with water vapor at 923 K (650°C) there is a 75 percent

reduction in the number of strong acid sites; however, the reduction in surface area was only 10

- . -

percent. Thus the comi:inations of heat and water vapor did not appear to collapse the
significantly collapse the crystalline structure, however it did sclectively destroy the strong acid sites.

The shape sclectivity of ZSM-type zcolites becomes less cffective as the crystallite size is
reduced because of a corresponding incrcasc in the external crystallite surface area and active sites
on the external surface of the crystallite. These external sites are not shape selective relative to
the sites located inside the zcolitc micropores. Two techniques have been developed to determine
the external surface arca of ZSM-5 cryslullilcsz("4 by adsorption tcchniques. The first method
consists of adsorbing propanc or butane vapor in the pores of thc sample and then cooling the
sample cell in liquid nitrogen. An adsorption isotherm is determined and since the pores are filled
with frozcn propanc or butanc the only adsorption is on the cxternal surface of the crystallite.
The sccond method is more involved because it involves the rate of the adsorption of ncopentane
on ZSM-5. Because of the large sizc of ncopentanc molecules with respect to the pores of ZSM-
5. ncopentanc adsorbs more slowly onto the interior surface of ZSM-S crystallites than onto the
external crystallite surface arca.  The amount of adsorptive adsorbed on the external crystallite
surfacc can be determined from a plot of the amount of adsorptive adsorbed with respect to time

raised to the 0.5 power.

Results
Computer Program
A computer program was developed to process the data produced from the BET system.

It appcars in Appendix G along with a sample input and output.
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Adsorption/Desorption Isotherm for Alumina

After the BET system was completed a series of surface area measurements were made
using alumina as the adsorbént to determine the reproducibility of the system and to develop a
proper technique for the efficient and accurate dctermination of isotherms. These results are
included to provide a contrast between the physisorption properties of a macroporous solid like
alumina with the physisorption propcrtics of a microporous solid such as ZSM-5 zeolite.

A sample of Ketjen alumina was provided by Dr. Nabin K. Nag. The Ketjen company
reported a surface arca of 210 mz/g and a pore volume of 0.6 cm3/g for the sample. The alumina
was calcined and then put in the adsorption cell. The alumina was degassed at 573 K (200°C) at
0.5 Torr followed by evacuation at 623 K (350°C) until the pressure in the adsorption cell was less
than 1073 torr. The sample ccll was then cooled to the ambient temperature and transferred to
the doser volume (without exposing the alumina to the atmosphere or moisturc). The doser
manifold and the volume of the sample cell were determined using the calibration bulb attached
to the doscr manifold. The sample cell volume was determined by expanding the ncon from the
doscr volume into the sample cell. The average volumes and the standard deviation of the volume
were then determined from the pressurc-temperature data.

Several BET adsorption isothcrms were determined.  The first two runs did not give
satisfactory results, duc to lack of operating experience which resulted in unevenly spaced data and
duc to inappropriatc opcerating procedures.  The third run was an attempt at generating an
adsorption/desorption isothcrm which failed due to an operating mistake. However, enough good
data was obtaincd during run number threc to obtain a BET surface area for the alumina sample.
Run numbcr four consisted of a complete adsorption/desorption isotherm. The BET surface area
of the alumina obtained during run number four will be compared with the BET surface area

obtained during run number three to show the reproducibility of the data. Figure 79 is a plot of
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Figure 79. Plot of the BET (A) Equation for Alumina
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p/po versus p/V,4(Po-p)- The plot is a straight line up to about p/p, = 0.35 which is where the
BET (A) equation starts to break down. The reduction in the amount of accuracy of adsorption
at increased p/p is related to the filling of the smallest pores of the sample. In the derivation of
the BET (A) equation it was assumed that adsorption of the sample took place on a flat surface
such that an unlimitcd number of adsorbed layers could be formed. At low surface coverages this
assumption is reasonable for most porous solids. However, as the pores fill up the adsorbed layers
interfere with the adsorption of subsequent layers on opposite sides if the pores. The BET (B)
equation relieves this assumption by introducing a quantity n, which is the number of monolayers
that can be formed in the pores of an adsorbent. The use of the BET (B) equation on adsorbents
ol varying porc diamecter has been reported to give a close fit of the adsorption isotherm up to

4 relative pressure of 0.6 to 0.7 for adsorbents with a range of pore sizes2>?

and as high as a
rclative pressure of 0.93 for adsorbents of uniform pore size have given straight line fits up to
p/po = 0.93.259

The adsorption/desorption isothcrm for the Ketjen alumina sample is presented in Figure
80. The hysteresis loop obtained with the alumina is known as a type A hystcrcsis.265 Type A
hysteresis is defined as hysteresis where cither the adsorption or desorption branches of the
hysteresis loop arc steep.  The data was processed by the computer program that has been
previously mentioned and the BET (A) cquation was solved by the computer program to give the
monolaycr volume from which was obtained a surface arca of 209 m2/g and a value for (E1-EL)
of 725 cal./mol. [n determining the BET surface arca it is important to use data points up to, but
not surpassing the region (usually p/p, > 0.35) where the BET (A) cquation does not apply. The

number of data points taken to determine the surface arca was determined by calculating a least

squarcs (it of the processcd data points to the BET (A) equation up to several relative pressures
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Figure 80. Adsorption/Desorption Isotherm for Alumina
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and thcn taking the set of points that gave the best least squares fit of the data points processed
according to the BET (A) equation to a straight line determined by least squares fitting. The BET
surface area measured with the BET system during run number three was 209.2 m2/g. The BET
surface area of the same sample of alumina dctermined in run number four was 209.0 m2/g. The
small diffcrence between these two values is just fortuitous and varied by several m2/g depending
on the number of data points usced to determine the surface arca.

These results correlated closely (within ~ 3 percent) with the surface area reported by

Ketjen (210 m2/g). The reproducibility of this technique was determined to be 99 percent.

Adsorption/Desorption Isotherm for ZSM-5

The adsorption/desorption isotherms were determined for s¢ .ral samples of ZSM-S. In
particular two samples were carcfully examined: A sample of commercially prepared ZSM-5 (ZSM-
SM) donated by the Mobil Rescarch and Devclopment Corporation and the hydrogen form of
ZSM-5 (HZSM-35-6) that was synthesized as part of this rescarch project.  Both of these samples
were studied in the powder form.

It is believed that the Mobil sample was manufactured according to the Type B synthesis.
Scanning clectron micrographs of the HZSM-5M and the HZSM-5-6 samples arc presented in
Figure 81.

The hysteresis curve obtained with ZSM-5M was the first run in which the quantity 8, that
was described in the previous section, was used.  [ts use resulted in very even spacing between
consccutive points on the adsorption/desorption isotherm. During the collection of this set of data
the calibration volume connected to the doser manifold was used to increase the dosing volume
when the adsorption isotherm curve became quite steep as the intercrystalline voids filled with

liquid nitrogen.
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SEM Photzaicrograph of ZSM-SM

SE4 Prctomicrograch of ZSM-5-6

Figure 81. SEM Phortomicrographs of 2SM-3M and 2ZSM~5-6.
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A plot of p/p, versus p/(V,4.(pPy-p) is presented in Figure 82 for the ZSM-5M sample.
It is clear that the line starts to curve upward at a relatively low valuc of p/py that is, 0.12.

The adsorption/desorption isotherm for ZSM-5M is presented in Figure 83 and exhibited
a Type B hysteresis. Type B hystcresis is defincd as hystercsis where the adsorption branch of the
adsorption isothcrm occurs at a rclative pressure of unity and where the desorption branch occurs
at rclative moderate pressurcs.

A plot of p/p, versus p/V 4. (py-p) for HZSM-5-6 is presented in Figure 84. The data for
ZSM-5M and HZSM-5-6 appcar to be similar (Figures 82 and 83).

The adsorption/desorption isotherm for HZSM-5-6 is presented in Figure 85. ZSM-5-6 also
displays Type B hysteresis.

The y-intercepts and the slopes of the lines in Figures 82 and 84 were determined and used

m and the c-valucs. The monolayer volumes were used to

to compute the monolayer volumcs, v
calculate the surface areas of the respective samples. The surface arca of the ZSM-5M was 416
mz/g and the surface area of ZSM-5-6 was 413 m2/g. The agreement in the surface arcas for the

ZSM-5M and ZSM-5-6 indicatc that thc ZSM-5 preparation techniques employed in this study

were capable of producing catalyst specimens similar to those prepared by commercial techniques.

Discussion

C-Values
The quantity (E-Ep), is the difference between the heat of adsorption of the first
monolayer and the heat of adsorption of the first monolaycr and the heat of adsorption of
subscquent monolayers, may be calculated from the data. The BET (A) equation assumes that
molccules in the sccond and higher monolaycers have the same properties as molecules in the liquid

phasc, consequently the heat of adsorption of the sccond and higher monolayers should be

258




p/Vads(po-p), cm-3 (STP)

0.004
/I
/
IS /
/
| /
0.003 /
/
/
/
/.//
0.002 1 Y,
/
0.001 1
0.000 : + - r
0.0 0.2 0.3 0.4
p/po

Figure 82.

Plot of the BET (A) Equation for ZSM-5M
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Figure 83. Adsorption/Desorption Isotherm for ZSM-5M
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cquivalent to the latent heat of condensation of the adsorptive. Brunauer, Emmett and Teller?>?
reported that (E{-Ey ) is fairly constant for the same gas on different adsorbents. They found that
for nitrogen (E{-Ep) is about 840 + 50 cal/mol. They also pointed out that the value of the
pre-exponential factor should be approximatcly unity. This is apparcnt from the nature of the pre-

cxponential factor, A, which is defined in Equation (7-10)

A= (B0 (7-10)
where:
ay is the frequency factor for condensation in the first monolayer;
a1y is the frequency factor for condensation into the second monolayer;
by is the frequency factor for desorption from the first monolayer; and
) is the frequency factor for desorption from the sccond monolayer.

The similarity in the naturc of thesc two scts of frequency factors indicates that the ratios
should bc unity.

The values of (E{-E| ) were calculated for ZSM-5M and ZSM-5-6 based on the assumption
that the A's were unity. (E{-Ej) for physisorption on these two samples was 1400-1500 cal/mol.
Thus the c-valuc obtained from the BET (A) cquation is about 50 times greater than the c-value
rcported for nitrogen physisorption on silica gel by Brunauer ct al.>9 Generally high c-values
are characteristic of micmpnrnsity.%(’

The higher ¢-values may be a result of an incrcase in the pre-exponential factor rather than
some unknown cffcct which causcs a fifty percent increase in the heat of adsorption of the first
monolayer. The pre-exponential factor contains the ratios of the adsorption frequency factors and

the desorption frequency factors. These frequency factors are a function of the geometry of

adsorptive molecules and of the geometry of the surface and the pore. In ZSM-S the pore spaces
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arc very restricted and the opportunity for a desorbed nitrogen molecule to pass out of the pore
without resorbing on the opposite side of the pore is greatly reduced. The frequency factor for
desorption from the first monolayer, by, appears in the denominator of the expression for A, as
a result of the greatly reduced value for by, there is a large increase in the term A, for
physisorption in ZSM-5.

Another effect of the small pore sizc is the deviation of the data from linearity in the plot
of the BET (A) equation at low dimensionless pressures, p/p,. In Figures 82 and 84, which were
plots of data obtained for ZSM-5M and ZSM-5-6, respectively, the deviation from linearity starts
at about p/py = 0.10. Usually the BET (A) cquation applics past p/py = 0.30. The deviation at
tow values of p/p,, is related to the number of adsorbed layers that can form in the pores of the
adsorbent. The smaller the pore diamecter the fewer the adsorbed layers that can be
accommodated in the porc and the lower the value p/p, at which the deviation from linearity

OCCUrs.

Isotherm Modeling

The BET (B) cquation rclicves the assumption of the BET (A) cquation that an infinite
numbcr of monolayers can be formed on the surface of the catalyst or adsorbent. It accomplishes
this by introducing a quantity, n, which is thc number of monolayers that can be formed in a pore.
The BET (B) cquation is applicable for an adsorbent or catalyst with a uniform pore size
distribution.  However, i an adsorbent has a range of pore sizes the BET (D) equation, which is
a modificd form of the BET (B) cquation, can describc adsorption on such a material. The BET
(B) and BET (D) cquations arc derived in Appendix F.

The BET (B) and/or thc BET (D) cquations arc uscd by first determining the monolayer

volume, v, and the heat of adsorption term, (Ey-E| ), for an adsorbent or catalyst. Then use v,
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and (" ) in the BET (B) or the BET (D) equation for varicus values of n; (where n; is the
n_.aber of monolayers that will form in a type i pore, different types of pores varying by pore
diameter only). The combination of n;’s that give the best fit of the adsorption isotherm are taken
to be the best description of the pore size distribution.

A modificd form of the BET (D) cquation was derived to account for the variation in ‘c-
values’ that is observed in micropores. A Fortran language program, BETD, was written to model
adsorption isotherms with an input value of v,. (E,-E); and g;.

The program BETD was used to model adsorption isothcrms for a ZSM-5 type adsorbent,
which is displaycd in Figure 86, and a ZSM-48 type adsorbent, which is displayed in Figure 87.
The combination of data used to generate Figure 86 does not represent a computer optimization
to fit an adsorption isotherm of ZSM-5. This data results from estimatcs of noncrucial values and
a rough optimization éf the more crucial valucs. A ZSM-S type adsorbent differs from a ZSM-
48 typc adsorbent in that ZSM-5 zeolitc contains 5-6 A porcs and porc interscctions while ZSM-
48 zcolitc contains 5-6 A pores and no porc interscctions.

The data uscd to obtain Figurc 86, the adsorption isothcrm for a ZSM-5 type adsorbent
arc v, = 100 cm3/g, with three types of pores, being characterized as follows:

Type (1) ny = 1.2; (E4-Ep ) = 1500 cal./g; 8y = 0.47; pores corresponding

to the actual pores of ZSM-$;

Type (2) ny = 1.95; (E{-E ), = 900 cal/g; g5 = 0.50; pores corresponding

to the pore interscctions of ZSM-5; and

Type (3) n3 = 30; (E|-Ey )3 = 800 cal./g; g3 = 0.03; pores corresponding to

intcrerystalline ‘mesopores of ZSM-S.
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Figure 86. Adsorption Isotherm for a ZSM-5 Type Adsorbent
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The variables defined herc are the variables in the BET (D) equation. The number of
monolayers formed in type i pores is n;; (Eq-Ej ); is the heat of adsorption term for the ‘c-value’
for adsorption in pore type i; and g; is the fraction of the sﬁrface area contained in type i pores.
The quantity g, is approximately equal to g, which means to say that the surface area of pore
intersections in ZSM-5 zeolite is approximately equal to the pore surface area in ZSM-5 zeolite.
Consequently the selectivity and activity of rcactions in ZSM-5 zeolite is as much a result of
reactions in the pore intersections as in the pores themselves. Comparisons of Figure 86 with the
adsorption isotherms of Figurcs 83 and 85 will show the relative similarity between the measured
isotherms and the caleulated isotherm.

An adsorption isotherm of a ZSM-48 type adsorbent is displayed in Figure 87. It differs
trom the adsorption isotherm for a ZSM-5 type adsorbent in that ZSM-48 has no pore intersections
and ZSM-5 docs. The data uscd to obtain Figure 87 arc V= 100 cm3/g. with two types of pores,
being characterized as follows:

Type (1) ny= 1.2; (E{-Ey )y = 1500 cal/g; g; = 0.97, pores corresponding to

the pores of ZSM-48; and

Type (2) ny = 30; (E|-Ep ), = 800 cal/g: g5 = 0.03, pores corresponding to

the intercrystalline mesopores of ZSM-48.

The dilference between the data uscd to obtain Figurc 86 and the data used to obtain
Figurc 87 is simply that porce type 2 in the data uscd to obtain Figure 86 has becn combined with
porc Type 1.

The differences in Figure 86 and Figure 87 is because Figure 87 is the adsorption isotherm
of a ZSM-48 typc adsorbent which lacks pore interscctions like a ZSM-5 type adsorbent.

Conscquently any differences arising between the selectivity and activity of reactions over ZSM-5
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and over ZSM-48 results partly from the absence of pores in ZSM-48. This has been shown to
be the case. The dehydration of methanol on ZSM-5 results in the production of olefins which
oligomerize and t-ransfer hydrogen to form aromatics and paraffins. However, the dehydration of
methanol on ZSM-48 produces just olefins.267 This is because ZSM-48 lacks pore intersections
which arc ablc to contain the bimolccular hydrogen transfer state necessary for the formation of
aromatics.

The BET data outputs, tcmperature and adsorptive pressure, are sent directly to the
computer and analyzed. The BET data acquisition scheme and the circuit design for interfacing
the computer and the BET apparatus arc presented in Figures 88 and 89, and the BET software

algorithm is presented in Figure 90.

Hysteresis Loops
Breck20! has reported that zeolites do not exhibit hysteresis loops. The rcason is that
hystcresis is only possiblc in pores where the radius of the pore is twice the diameter of the
adsorbed molecules. 298 The porcs of ZSM-5 have a diamcter between 5.0 and 6.0 A. A molecule
of nitrogen has a diameter of 3.8 A which is five or six times smaller than the minimum diameter
for hystcresis in a pore of ZSM- 5. This is an apparent contradiction with the data that is
presented in Figures 82 and 84 where a clear hysteresis loop for each sample of ZSM-S is
obscrved. The following obscrvations were made regarding the adsorption desorption isothcrms:
L. hysteresis loops were obtained for both samples of ZSM-S;
2 the hysteresis loop for the ZSM-5M differs somewhat from the hysteresis
loop of ZSM-5-6, in that the diffcrence betwcen the adsorption and
desorption branches of the hysteresis loop are morc pronounced in ZSM-

SM than in ZSM-5-6;
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3. the intercrystalline pore structure of the ZSM-5-6 differs from that of
ZSM-5-6, in that the crystallites of ZSM-5M consist of smaller and more
discreet crystallites than the crystallites of ZSM-5-6 which are larger and
agglomerated togcther in 10 um (0 50 um clusters; and

4. both hysteresis loops show hysteresis clfects occurring in a broad size range
of pores, from angstrom sizc porcs up to micron size pores.

These four observations led to the conclusion that the hysteresis loops observed here on ZSM-5
arc a result of hysteresis cffeets in intercrystalline mesopores and not in the intracrystalline
micropores. It is expected that an adsorption/desorption isotherm of a single large crystal of

7/SM-5 would not display hysteresis because of the lack of an intracrystalline pore structure.

Conclusions

In order to study the surface and pore propertics of ZSM-5 a BET systcm was constructed
and cxperiments, were developed for the reproducible determination of adsorption/desorption
isotherms.  ZSM-S displayed two outstanding features:

L. higher c-valucs probably as a result of ZSM-5's microporosity; and

2. hystcresis loops which represent filling and emptying of intercrystalline porcs.

Because of the differences in the hysteresis loops of different samples of ZSM-5 it should
be possible o correlate different crystallite structures and arrangements with differences in

hysteresis loops.
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Section VIII: DESIGN AND FABRICATION OF THE CATALYST TESTING UNIT

Research Personnel: Kien-Ru Chen
Postdoctoral Fellow

Jerald W. Wiser
Undergraduate Research Associate

Francis V. Hanson

Associate Professor
The screening and cevaluation of candidate catalysts and the process variable studies to be
conducted for both the aromatics formation step and the aromatics hydrogenation step required
the design and fabrication of a bench scale catalyst testing unit. The unit was designed to be
capable of conducting all the investigations outlined in the rescarch proposal and for maximum

Mexibility with regard to process operating variables and process configurations.

Reactor Design

A schematic of the high pressure flow reactor system for aviation turbine fuel synthesis is
presented in Figure 91, The reactor was designed on the assumption that it would opcrate as a
fixed or packed bed reactor. Four critical process operating variables were sclected to establish
the design basis: temperature, pressure, gas and liquid space velocitics, and fced ratios. It was
rcquired that all process variables must be capable of being monitored and adjusted in both the
manual and automatic control operating modes. The ranges of the process operating conditions
sclected in the design process were as follows:

Catalyst Volume: 10-100 cm3

Temperature: 373-773 K
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Pressure: 0-3000 psig

Liquid Feed: 0-500 cm3/h
LHSV: 0.1-50 h'1
Gas Feed: 2-60 I/h
GHSV: 20-5000 h!

The reactor was fabricated with flanged cntrance and cxit regions to facilitate cleaning and catalyst

loading procedures.

Temperature Controllers

The reactor furnace temperature controllers, capable of operating in both the manual and
automatic control modes, can be provided by several controller manufacturers such as Love Control,
Omega, and Barber-Coleman. Four Love temperature controllers were installed for the initial

manual control operating phase and will be converted to automatic control mode at the appropriate

timc.

Pressure

High-pressure controllers (up to 3000 psig) for small-scale testing units were not
commercially available. Therefore, one back-pressure regulator from Mity-Mite Inc., and two high-
pressure gas solenoid valves from Atkomatic Valve Inc. coupled with capillary tubes were used to
control the system pressurc. A schematic of the circuit for the manual and automatic control
modes for the rcactor systcm pressure is presented in Figure 92. Hclium was supplied to the
control loop as the instrument gas. The pressurc rcading obtained from the pressure transducer

is uscd to activate the solenoid valves depending on whether the system pressure needs to be
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increased or decreased. For instance, if the pressure transducer reading is low compared to the
set point pressure, the upstream solenoid valve is opened and the pressure in the control loop is
increased, resulting in an increase in the system pressure. The capillary tubes were used in order
to obtain a slow rate of change of pressurc during pressure adjustment. The unit can be operated

in both manual and automatic control modecs.

Space Velocity and Mixing Ratio

Gas Feed and Mixing Ratio

The gases Nowing into the reactor system (Figure 91) are controlled by Linde mass flow
meters and controllers. Mixing of up to four different gases can be controlled and monitored at
‘he same time with the manual and automatic control functions. The control range for gas flow

rates is 0-3000 cm>/min.

Liquid Feed

The liquid feed to the reactor system is supplied by the Milton Roy high pressure metering
pump. The rated capacity of this pump is 1(KX) em3/hr at a pressurce of 5000 psig. However, the
automatic control modce is not commercially available for this pump, and a stcp motor from Thurst

Inc. can be installed and used to control the liquid feed pump in the automatic control mode.

Gas-Liquid Separator

A gas-liquid scparator, located downstrcam of the reactor, is usced to separate the gas and
liquid products into two strcams. A Brooks high pressure (up to 3000 psig) site glass served as the

gas-liquid scparator, and it can be modificd for both manual and automatic control operating
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modes. A high-pressure liquid solenoid valve from Atkomatic Inc. and two high-pressure liquid
level sensors from FCI were utilized to achieve the liquid level control in the gas-liquid separator.

The design of a high-pressure gas-liquid separator is presented in Figure 93.

Two-Stage Compressor

A two-stage compressor from PPI, Inc., was acquircd to compress the low-pressure gas feed
(70 psig) into the high pressurc gas storage cylinder (maximum 5000 psig) (see Figure 91). The
rcactor system can be cconomically operated with this compressor whenever high gas space velocity
or high pressure reaction conditions are required. The preliminary design for make-up compressor
swstem is presented in Figure 94, The control circuit for this two-stage compressor system is

presented in Figure 95.

Gas Recycle Pump

A Whitney laboratory compressor was purchased for usc as a gas recycle pump whenever
the recyele mode of operation is required.  The rating of this pump is: a discharge pressure of
5000 psig and gas flow capacity of 10,000 cm3Mhr. The compressor can be operated in both the

manual and automatic control modes.

Packed Distillation Column

The column was madce from a two-foot long, two-inch I.D. stainless steel tube. The inside
of both ¢nds of the tube are threaded for pipe plugs. Two holes were drilled and threaded with

1/4 inch NPT 2 and 10 inches down from the top. Drilling through Swagelock fittings placed in
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these taps secured the feed and recycle lines, and the pipe plugs on each end are machined to
receive fittings for the vapor and liquid effluent streams. The recycle ratio is controlled by
positioning a valve which allows flow back to the column. This can be adjusted, based on input
from various sources throughout the systcm, by the computer. Temperature is controlled by two
controlicrs, onc for the reboiler and the other for the column itself. The column is heated with
a single layer of heating tapcs and insulation, giving a maximum operating temperature of
approximately 350°C.

The packing matcrial is stainless steel coils approximately 1/4 inch in diameter and 3/8 inch
long. The reboiler section is created by a three-inch vertical rise of the exit stream. This is a 1/8
inch tube which passcs under the heat tapes which surround the reboiler section of the column.
A\ schematie of the distillation column is presented in Figure 96. The reactor system operated at

the proposed specifications without signilicant problems.

Automation of the Reactor System

The following clectronic circuit designs were completed for use in the automation of the
apparatus and underwent preliminary testing:
Thermocouple Amplifier (Figure 97).
Pressure Transducer Interface (Figure 98).
Software Program (Appendix H) for Translation Technique for the Digital to
Analog Converter and Analog to Digital Converter. Fourth-order polynomial cquations are used

to corrclate the relationship between temperature and millivoltage for J-type thermocouples:
T(mV) = C; + C, *mV + C; *mV2 + C4 *mV3 + Cg *mV* (8-1)

mV(T) = C, + C; *T + C3 *T? + C, *T3 + Cs *T* (8-2)
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Equations (8-1) and (8-2) arc applied to the A/D and the D/A translations, respectively.
The program, named fit.c (Appendix H), for data fitting can treat the millivoltage as a function
of temperature for J-type thermocouples and the temperature as a function of millivoltage for J-

type thermocouples.
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Section IX: LITERATURE SURVEY

Research Personnel: Lei-Yea Cheng
Graduate Student

Daniel Longstaff
Graduate Student

H. Paul Wang
Graduatc Student

Kien-Ru Chen
Postdoctoral Fellow

Nabin K. Nag
Assistant Rescarch Professor

Francis V. Hanson
Associate Professor

INTRODUCTION

The litcrature survey to be conducted in conjunction with the high-density aviation turbine
fucl rescarch project was designed to be rcadily accessible to the University of Utah research team
and to the personnel at the Wright Acronautical Laboratorics. A database management system
based on the concept of "Information Automation™ was sct up on the IBM PC-AT and consisted
of the following componcnts:

1. Litcraturc databasc filcs;
2. Data Transition: Addition, Edit, and Deletion; and
3. Data File Scarching and Maintcnance.

The rclationship between these procedures is illustrated in Figure 99.

The databasc filcs arc structured to rccord up to six authors, the journal reference, the
volume, pagc numbers, ycar of publication, and title of the article. The field also contains eight

(8) indices which permit classification and retrieval of information/key words related to each entry
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in the database file. The search routine is capable of both single entry and multiple entry searches

of the database file.

The technical subjects which were intended to be covered included the following:

1.

2.

6.

7.

shape selective catalysis;

zcolite catalyst preparation, characterization, and cvaluation;

reactions of oxygcnates over solid oxide matcrials;

supported metals catalysis;

preparation, characterization, and cvaluation of supported metal catalysts;
hydrogenation of aromatic hydrocarbons and fcedstocks; and

design concepts in catalytic reactor systems.

A printout of the database file as it had cvolved at the termination of funding by the Air

Force Wright Acronautical Laboratorics of the United States Air Force is included for record

purposcs.
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Database File

PAPER NUMBER: 1
Weitkamp, A. W., ‘Stereochemistry and Mechanism of Hydrogenation of Naphthalenes on Transition
Metal Catalysts and Conformational Analysis,” Adv. Catal., 18, 1, 1968

PAPER NUMBER: 2
Indyukov, M. K., Danielyan, M. K., Kudinov, A. A., and Mamedova, A. ., ‘Production of High Density Fuel
from Aromatic Petroleum Cuts,’ , 185, 1985

PAPER NUMBER: 3
Boudart, M. , ‘Catalysis by Supported Metals ,' Adv. Catal., 20, 153, 1969

PAPER NUMBER: 4
Bond, G. C., and Burch, R. , ‘Strong Metal-Support Interactions ,’ Catalysis-A Specialist Periodic Report,
6, 27, 1982

PAPER NUMBER: 5
Wilson, M. F., Fisher, |. P., and Driz, J. F. , ‘Hydrogenation of Aromatic Compounds in Synthetic Crude
Distillates Catalyzed by Sulfided Ni-W/Alumina ,’ J. Catal.,, 95, 155, 1985

PAPER NUMBER: 6
Vedrine, J., Auroux, A., Dejaifve, P., Ducarme, V., Hoser, H., and Shuibao, Z. , ‘Catalytic and Physical
Properties of Phosphorus Modified ZSM-5 Zeolite ,’ J. Catal., 73, 147, 1982

PAPER NUMBER: 7
Csicsery, S. , ‘Shape Selective Catalysis in Zeolites ,' ACS Fuels Chem. Div., 28(2), 116,

PAPER NUMBER: 8

Donnely, S. P., and Green, J. R. , ‘Catalytic Dewaxing Process improved ,' Oil & Gas J., 10/27/80, 77,
1980

PAPER NUMBER: 9
Chen, N. Y., and Garwood, W. E. , 'Some Catalytic Properties of ZSM-5, a New Shape Selectivity
Zeolite ,' J. Catal.,, 52, 453, 1978

PAPER NUMBER: 10 :

Gorring, R. I. , 'Diffusion of Normal Paraffins in Zeolite T: Occurrence of Window Effect ,' J. Catal., 31,
17, 1973
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PAPER NUMBER: 11
Chen, N.Y., Kaeding, W.W,, and Dwyer, F.G., ‘Para-Directed Aromatic Reactions over Shape-Selective
Molecular Sieve Zeolite Catalysts ,’ J. Amer. Chem. Soc., 101, 6783,

PAPER NUMBER: 12
Nag, N. K , ‘'On the Mechanism of Hydrogenation Reactions Occurring Under Hydroprocessing
Conditions,” Appl. Catal., 10, 53, 1984

PAPER NUMBER: 13
Rubin, M.K., Cynwyd, B., Plank, C.E., and Rosinsiki, E.J., ‘Synthesis of Zeolite ZSM-4," U.S. Patent,
4,021,447, 1977

PAPER NUMBER: 14
Argmer, R.J., and Landolt, G.R., ‘Crystalline Zeolite ZSM-5 and Method of Preparing the Same,’ U.S.
Patent, 3,702,886, 1972

PAPER NUMBER: 15
Pelrine, B.P., ‘Synthesis of Zeolite ZSM-5,” U.S. Patent, 4,100,262, 1978

PAPER NUMBER: 16

Rollmann, L.D., ‘ZSM-5 Particle Containing Aluminum-Free Shells on its Surface,* U.S. Patent, 4,148,713,
1979

PAPER NUMBER: 17

Acres, G.J.K, Bird, A.J., Jenkins, JW.,, King, F., Kemball, C. (Ed.), and Dowden, D.A. (E , ‘The Design
and Preparation of Supported Catalysts(A Review of the Recent Literature Published up to mid-1980,
A Specialist Periodical Report: Catalysis, 4(1), 1, 1980

PAPER NUMBER: 18

Kokotailo, G.T., ‘Crystalline Zeolite Product Constituting ZSM-5/ZSM-11 Intermediates ,' U.S. Patent,
4,229,424, 1980

PAPER NUMBER: 19

Kokotailo, G.T., 'Catalytic Conversion with Crystalline Zeolite Product Constituting ZSM-5/ZSM-11
intermediates ,’ U.S. Patent, 4,289,607, 1981

PAPER NUMBER: 20

Chen, N.Y., Lucki, S.J., and Garwood, W.E., ‘Dewaxing of Oils by Shape Selective Cracking and
Hydrocracking over Zeolites ZSM-5 ,' U.S. Patent, 3,700,585, 19
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Ciric, J., ‘Crystalline Zeolite ZSM-10," U.S. Patent, 3,692,470, 1972
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Chu, P., ‘Crystalline Zeolite ZSM-11,' U.S. Patent, 3,709,979, 1973
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Rosinski, E.J., Rubin, M.K,, and Cynwyd, Bala, 'Hydrocarbon Conversion with ZSM-12,' US Patent,
3,970,544, 1976
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Dessau, R.M., ‘Hydrogenation and Oxidation Using ZSM-5," J. Catal., 77, 304, 1982
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Akimoto, O., lwamoto, Y., Kodama, S., and Takeuchi, C., ‘Pilot Plant Automation for Catalyst
Hydrotreating of Heavy Residual,’” ACS. Petro. Chem. Div. Prep., August, 1010, 1983
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Zilora, K.S., and Erskine, W., ‘A System for Integrating Pilot Plant Operating Data and Analytical Data,’
ACS. Petro. Chem. Div. Prep., August, 973, 1983

PAPER NUMBER: 28

Johnson, H.D., Hogon, R.J., and McMurtrie, D.E., ‘An Integrated Testing Facility for Bench Scale Catalyst
Research,” ACS. Petro. Chem. Div. Prep., August, 960, 1983

PAPER NUMBER: 29
Rosinski, E.J., and Rubin, M.K,, ‘Crystalline Zeolite ZSM-12," US Patent, 3,832,449, 1974

PAPER NUMBER: 30

Plank, C.J., Rosinski, E.J., and Givens, E.N., ‘Converting Low Molecular Weight Olefins over Zeolites,'
U.S. Patent, 4,021,502, 1977
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Ciric, J., ‘Organic Compound Conversion by Zeolite ZSM-20 Catalysts,’ US Patent, 4,021,331, 1977
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1977
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APPENDIX A

STRUCTURAL FTIR SPECTRA OF SYNTHESIZED ZEOLITES

IR spectra of synthetic zeolites werc measurcd by the use of diffuse reflectance FTIR
spcctroscopy. The IR spectra in the lattice vibrational mode region are presented in this Appendix.
Furthermore, a criterion (optical density ratio) for determining the structural characteristics of the

zeolite frameworks was established using the data derived from these speectra.

335




Lo

9 = SNVIS f'y = G HN-GIH = AIYS
SHUNMRIIAYA
n -.51 8 -..:.... [ M -wcc o c.ac_ 8 s.aw_
h
WG-VS7H
AYITaL1)

-

LM

[

ICNVYELCSEY

336




»9 = SHYIS 8’y * SN N-S7H = .MvS§
CHRMPI IAYA
S...d‘—. (1003 40 L i n°peos [ ) E 4] - eus
i ', .

~

[\ I

as-"ISZH

HY9t0 1,

ITivaecsayv

337




9 3= DIVIS 'y =8 9-S21 = MYS
OIRMRINYA
a.-..SQ s.q..sc .o.-.u:: u.s.:a_ Q.La:u_ s.gﬂ.._
9°\
* 11
‘201
(02)G-WSZH
gviarg L.,

ANYSUISaY

338




¥) = CvIS

Ay = 6N LE-QTII = BIS
Y RN IAYA
"M Nme | M a0 ] n M 2°MPOEL
] . [ - -1 —1}6'n
-6n
"
/
[ ]
\
(S€)S-4STH
2
ayrn i,

v

-3

s 11

339




9 = QUVIS

¥'v 2 Sy WL-S/ = MG
CHUAEEI1AYA
oM [ ML) [ My 1T N onm [ AP 1] aroacy
- L ' ! L —je8
~
-9t
&
<
2
fi
e 1 (04)S-1SZH
! rm-.
gviiiora L.,

340




0 = ENVIS Ay 2 §m LN ] EEV) | PR YY RN
CHBERNU AYA
0 o nmn N mm "N noeen LA B N |
A

| E— !} pu— | y

———— et

ITrEaliay

- (SOT)S-WSZH

gvili9oia L.,

341




¥ s ONYS fa'y = SN HL-8VIN s #iVS
SHIRIMIIAYA
S.-.n.t S.v—ua 3.....:- ._.2...:. a.:.:.w. i a.:u.n..ms
-8° 1
d
£
1y
-9t
(0l)8h-NSZH
gviIiaia L.,

342




Y + VT

8ty
(Y8

a1y

a'vy = SN POI-Br2N = HVYS
SHNRBIWIAYR
2 'ty 9 o'mn (.2 L ]
[T I 2 A e
-6°@
"
[ |
(00T)8H—NSTH

gvoIla L,

343




6'v : Sy
I NBANIAYA

8°009 8 oo oo
] 1

BUS-BVvIt = MVS

nenzit o rnel
A

(002)g4-uSZH

p—

INeGei3aEV

34

gvirara




Yy 2 LNVIS ey - S Me-DvIvil s BJ1/S
CHNAARIIAYA

9 i n fm 0 M 8 o [ M)
[ B I -t [ [ R —_—hn
60
) 8

R
<\ (00Z)gH-liszeN

avatowa L.,

a3lSey

345




0 = SIvS 8% x 6N S-NNl = MVS
SHAMWILIAYA

9° 1y a ey f' N 2’ npm a2y [ ]

[ — Y ) 2 —_—t e

-0 1
&
é
x
R

o I S-lISZUIH
L LY
avataLa L.,

346




vy . QIS nAr =GN

Gr2iNt 2 Sy

SHWMNNIIAVA
n iy [0 300] [ g3 ) 8’ vom M N ] f ey
V) o e s = b ml o . [] e o - [} a 19°0
<
"

)

JoNnvaalSay

347

,_ /

" e
"o, L=
2

g4—1SZUIH

gviIrota L.,




v9 = SM\OS Ay - cm 2018 = MG
SHINNIIAVYA
8° o0y fastwy [ e 8 [ s X4 B8 HOEY
e 1 — —L —0°'0
fa

ots

gyaLann ..,

INvaalIay

348




)+ QWG L'y = SN

GH RBARIIAYA

-..—83. s.-s :.SS: 0.5.5.
L 1 [} I

ENZW = /S

\)\/)

€oltv

gy iarm i,.

349 550




APPENDIX B

PRODUCT DISTRIBUTION FOR NORMAL-HEXANE CRACKING
OVER SYNTHESIZED ZEOLITES
Cracking of normal-hcxanc over synthesized zcolites was studied using a fixed-bed
continuous flow microrcactor operating at atmospheric pressurc. Normal-hexane was transported
into the reactor from a saturator by mcans of the hclium carrier gas. Product distributions were
recorded after ten minutes on stream.

The objective of these experiments was Lo determine the acidity of the synthesized zeolites.

The product distribution obtained with the catalysts used in this study is presented in Table 32.
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Normal-hexane Cracking over Synthesized Zeolites

Table 32

Amorphous  ZSM-5 ZSM-48 ZSM-48/5
Si0, AL O,
Si05/Al,04 -4 70 200 70
Reaction Temp., K 8OS 481 627 585
Conversion 0.12 0.12 0.17 0.17
Product Distribution, wt%
¢+ Gy 2.1 1.7 1.4 0.7
Cy 1.7 2.8 6.4 4.0
Cy 2.2 4.5 6.3 7.6
Cs 03 3.1 2.6 4.7
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APPENDIX C

PRODUCT DISTRIBUTION FOR ALCOHOL REACTIONS
OVER SYNTHESIZED ZEOLITES

The reaction of alcohols was studicd using a fixed-bed continuous flow microreactor
opcrating at atmosphcric pressurce.  Alcohols were transported into the reactor from a saturator by
means of the helium carrier gas. Product distributions were recorded after 40 minutes on stream.

The objective of these experiments was to determine the effect of acidity on the selectivity

and activity and to determine the influence of ~hannel structure on selectivity.
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Alcohols/He/HZSM-5(35), Temperature = 643 K

Product Distribution, wt.$%

Reactant
CH40H CoHs0H C3H70H C4HoOH
Cp +Cy 8.9 11.5 9.0 11.4
C3 21.3 23.1 27.6 29.5
Cq 29.7 29.3 29.4 24.9
Cs 10.2 6.9 5.5 3.5
o 8.1 4.7 3.8 3.9
C7* Aliphatics 11.4 9.5 9.1 5.6
Ag 1.4 2.1 2.3 1.8
Az 4.9 5.9 6.4 4.8
Ag 10.0 8.5 7.9 7.7
Ag* 0.8 1.2 0.6 1.1
Alcohols/He/HZSM-5(70), Temperature = 643 K
Product Distribution, wt.%
Reactant
CH40H CoHsOH C3H70H C4HgOH
Ci +Cy 11.1 27.8 10.4 15.2
C3 22.1 22.2 31.3 34.0
Cq 29.7 25.9 31.5 29.6
Cs 12.7 9.6 8.5 6.5
Ce 6.3 2.8 4.1 2.1
C7* Aliphatics 4.1 4.3 3.3 2.0
Ag 1.1 1.0 l.4 1.6
Ay 5.5 3.2 5.2 5.5
Ag 6.8 2.8 4.1 3.3
Agt 0.6 0.4 0.2 0.2
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Alcohols/He/HZSM-5(105), Temperature = 643 K

Product Distribution, wt.%

Reactant
CH20H CoHgqOH C3H70H C4HqOH
C1 +C 12.0 40.0 8.1 -
C3 22.3 20.0 35.8 -
C4 27.1 18.5 29.0 -
Cs 8.3 2.8 3.8 -
Cg 8.6 6.1 6.3 -
C7* Aliphatics 4.9 2.7 3.4 -
Ag 1.1 1.0 1.5 -
Ay 4.6 2.6 4.6 -
Ag 9.8 4.9 6.2 -
Aq” 1.3 1.5 1.2 -
Alcohols/He/HZSM-5D, Temperature = 643 K
Product Distribution, wt.%
Reactant
CH10H CoHgOH CqH70H C,HqOH
Ci + Cp 9.9 17.8 10.4 13.6
C3 22.1 23.1 29.8 27.8
Cq4 29.7 26.4 28.7 18.4
Cs 9.9 6.0 5.0 2.4
Cg 7.4 5.2 4.6 8.4
C7* Aliphatics 3.6 3.2 2.4 0.7
Ag 1.2 1.9 2.4 6.1
Ay 5.8 7.1 8.8 13.8
Ag 9.6 8.1 7.4 8.6
Ag” 0.8 1.2 0.5 0.2
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Alcohols/He/HZSM-48(70), Temperature = 643 K

Product Distribution, wt.%

Reactant
CH30H CoHgOH C3H70H C4HqOH

Ci + C 18.2 70.5 8.0 -
C3 23.8 11.9 34.3 -
Cs 24.2 6.5 31.0 -
Cs 8.3 0.9 5.0 -
Ce 7.6 1.9 5.4 -
Cc7* Aliphatics 2.9 0.7 1.9 -
Ag 0.8 0.1 1.4 -
Ay 4.8 2.1 6.6 -
Ag 8.7 4.6 5.9 -
At 0.7 0.9 0.0 -

Alcohols/He/HZSM-48(200), Temperature = 643 K

Product Distribution, wt.%

Reactant
CH4q0H CoHs0H C3H70H C¢HgOH
CL + € 14.4 75.7 2.7 3.6
C3 23.7 12.3 52.1 29.8
Cq4 26.4 5.2 28.2 42.1
Cs 9.4 0.8 2.4 4.7
Cg 13.1 1.9 6.6 11.1
Cy* Aliphatics 6.4 0.7 3.3 3.5
Ag 0.9 0.4 0.9 1.6
Ay 1.2 0.9 0.9 1.3
Ag 3.8 2.1 1.9 1.7
Agt 0.7 0.0 0.0 0.6
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Methanol /He/HZSM-5(70)

Product Distribution, wt.%

Reaction Temperature, K

594 648 710 752
Cp + Cy 23.3 15.4 21.7 33.6
C3 17.5 27.6 34.1 34.3
Cq4 0.0 17.8 16.0 11.2
Cs 23.0 15.2 9.4 4.2
C6+ Aliphatics 32.6 13.0 6.2 2.3
Ag 0.6 1.1 1.6 1.4
Ay 0.9 4.3 4.8 4.7
Ag 1.8 5.0 5.7 7.6
Ag* 0.3 0.6 0.5 0.7
Methanol/He /HZSM-48(200)
Product Distribution, wt.%
Reaction Temperature, K
597 648 710 759
CL +C 17.9 16.9 19.6 34.5
C3 31.8 36.1 50.3 44.1
Cs, 0.0 8.2 4.1 0.0
Cs 14.1 9.8 0.5 1.8
C5+ Aliphatics 33.7 23.7 18.6 7.9
Ag 1.4 0.9 1.0 1.1
Az 0.5 1.2 1.5 2.5
Ag 0.6 3.1 4.2 7.6
Ag* 0.0 0.1 0.2 0.5
Conversion, wt.%
37.0 95.0 95.2 96.0
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Methanol/Hp/HZSM-5(70)

Product Distribution, wt.$

Reaction Temperature, K
597 648 710 762

C1 + Cp 21.5 15.6 27.1 37.8
C3 22.4 36.9 46.2 43.8
C4 0.0 0.0 0.1 0.1
Cs 23.8 21.1 10.8 5.0
Ce* Aliphatics 29.6 16.1 4.0 1.3
Ag 0.0 1.3 1.5 1.6
A7 1.5 4.6 5.0 5.0
Ag 1.1 3.8 5.1 5.2
Aq* 0.1 0.6 0.2 0.2

Methanol/Hp/HZSM-48(200)

Product Distribution, wt.3

Reaction Temperature, K
598 649 711 769

Cp + Cy 19.2 19.7 20.9 29.5
C3 30.2 3.3 40.3  39.9
C, 0.0 18.1 20.2 15.7
Cs 21.6 11.2 8.3 4.4
Cg* Aliphatics 26.7 1.4.2 7.2 4.3
Ag 1.4 0.0 0.8 1.1
Ay 0.6 0.9 0.9 2.3
Ag 0.4 1.5 1.4 2.8
Agt 0.0 0.1 0.0 0.0
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APPENDIX D

INTERPOLATION OF CAPSULE CALIBRATION AND
CHEMISORPTION ISOTHERM COMPUTER PROGRAM
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It was convenient to calculate the isotherms on the computer whenever a large number of
adsorption isotherms were determined for a single catalyst. However, the use of the computer
required interpolation of the precision pressure gage capsule calibration data in a form readily

usable in the program.

Interpolation of Capsule Calibration Data

The pressure was calculated using the following equations. For angles of rotation in the

range
0<Deg<1
the pressure was calculated from the following expression
Pressurc = BIL * Dcg (D-1)

where BIL is the tube constant in Torr dcg’1 supplicd by Texas Instruments, Incorporated, for the

pressure range 0 to 40 Torr.  For angles of rotation in the range
1 < Dcg < 999.9

the pressure was ¢ . culated from the following expression

Pressure = C + Bl * Deg + B2 * (Deg)? (D-2)

where C, Bl, and B2 arc constants. The calibration data supplied by Texas Instruments,
Incorporated, was fit by lcast-squarcs polynomials using an orthogonal polynomial mcthod. The

data were fit to sccond through fifth order polynomials with an index of determination of 0.9999992
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and a standard crror of cstimate for y (i.e., pressure) of 0.2258019.
The precision pressure gage was purchased with two quartz Bourdon tube capsules. The

cell and least squares constants were as follows:

Bourdon tube serial number 4741 5083
BIL 8.05082 8.14762
C -0.0859211 -0.4245883
B1 8.086858 8.160982
B2 0.00008718 -0.0001544

A program was written in IBM Fortran [V language to generate a table of pressures as a
function of degrees of rotation for use in hand calculating adsorption isotherms. The program is

reproduced below with appropriatc comment cards to cxplain its usc.
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SWATFIV

OOOOOOOOOOOOOO

THIS PROGRAM GENERATED A TABULATION OF PRESSURES IN UNITS OF CM OF
HG AS A FUNCTION OF THE DEGREES OF ROTATION READ FROM TI PRECISION
PRESSURE GAGE. THE CALIBRATION DATA SUPPLIED BY TEXAS INSTRUMENTS,
INC FOR THE QUARTZ SPIRAL BOURDON TUBES WERE FIT BY A LEAST SQUARE
POLYNOMIAL METHOD. THE SECOND ORDER POLYNOMIAL FIT WAS SELECTED TO
CORRELATE THE DATA FROM 1.0 TO 102.0 DEGREES, THAT IS, P(I) = C +
BI*DEG + B2*DEG*DEG WHERE C WAS THE INTERCEPT, Bl WAS COEFFICIENT
OF THE FIRST ORDER TERM AND B2 WAS COEFFICIENT OF THE SECOND ORDER
TERM. THE PRESSURE FROM 0.0 TO 1.0 WAS CORRELATED BY P(I) = BIL*
DEG WHERE BIL WAS THE TUBE CONSTANT IN TORR PER DEG FROM THE ORIG-
INAL CALIBRATION. THE PRESSURES WERE PRINTED OUT FOR EVERY 0.002
DEGREES OF ROTATION. QUARTZ SPIRAL BOURDON CAPSULE NO. 5083.
DIMENSION H(20),PRESS(20)

CK=0.000000

CARD 3  INTERCEPT C WAS READ

C = -0.4245883

CARD 4 COEFFICIENT OF FIRST ORDER TERM Bl WAS READ
81 = 8.160982

CARD 5 COEFFICIENT OF SECOND ORDER TERM B2 WAS READ
B2 = -0.0001544

CARD 6 TUBE CONSTANT BIL WAS READ

BIL = 8.14762

DO 20 I=1,10

H(1)=0.0+0.002000*FLOAT(I-1)

20 PRESS(1)= 0.0000
D0 90 N=1,203

35 WRITE(6,40)N

400FORMAT (20X, ‘ TEXAS GAGE CALIBRATION, F. V. HANSON, 27 FEBRUARY 1987

4’,30X, ‘PAGE’,17///)
WRITE(6,45) (H(N1),N1=1,10)

45 FORMAT (29X,F8.3,9F9.3)

WRITE(6,47)

470FORMAT(23X € e Je Je Je Je de e e e e Jr v e e e e e v e e e e e e e Je v e de vk e v v v e e e e R e e de e de e e dr de de e de de ke e
’
4*************************i*************’)

DO 80 K=1,25
DEGI = FLOAT(N-1)*0.5000+FLOAT(K-1)*0.0200
DO 62 1=10
DEG = D™%I + H(I)
IF(DEG-1.0)64,65,65
64 PRESS(I)=BIL*DEG
GO TO 62
65 PRESS(I)= C+DEG*B1+DEG*DEG*B2
62 CONTINUE
660WRITE(6,67)DEGI, PRESS(1),PRESS(2),PRESS(3),PRESS(4),PRESS(5), PRESS
4(6),PRESS(7),PRESS(8),PRESS(9),PRESS(10)
67 FORMAT(20X,F7.3,°7’,F8.3,9F9.3/)
80 CONTINUE
WRITE(6,85)
85 FORMAT(1H1,
90 CONTINUE
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STOP
END
$DATA
$STOP
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Adsorption Isotherm Computer Program

The adsorption isotherm computer program was also written in IBM Fortran IV language
and was based on the isotherm calculation procedure outlined in Section VII. The program was
adapted from an original program writtcn by Dalla B'ctta.52 The input data included helium
calibration pressures, Pl' PZ' and P3, and temperatures Tl' Tz, and T3, and isotherm data points,
that is, pressures Py(n) and P,(n) and tcmperatures Ty(n). The mass of catalyst was also included
to permit calculation of the amount adsorbed per unit mass of catalyst; however, isotherms
computed on this basis must be corrected to a dry catalyst basis. The program will accept up to
10 calibration data points and up to 20 isotherm data points. As many as five isotherms can be
calculated in a single computation.

The program is reproduced below and the use of the various options are explained on the

comment cards. A typical adsorption isothcrm printout for the 0.53 percent platinum on silica gel

catalyst is presented following the program.
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THIS PROGRAM CALCULATED THE DOSER AND CELL VOLUMES AND THE ADSORP-
TION ISOTHERM FROM PRESSURE DATA, IN UNITS OF DEGREES, OBTAINED
WITH A TEXAS INSTRUMENTS PRECISION PRESSURE GAGE IN A CONSTANT VOL-
UME ADSORPTION APPARATUS. THE PROGRAM CONVERTED THE DATA TO PRESS-
URE IN CM OF HG, THEN CALCULATED THE VOLUME ADSORBED IN CC / GRAM
AND THE AMOUNT ADSORBED TN MICROMOLES PER GRAM. THE PROGRAM CALCU-
LATED UP TO FIVE ISOTHERMS AT A TIME. QUARTZ SPIRAL BOURDON CAP-
SULE NO 5083.
DATA DECK WAS ARRANGED AS FOLLOWS
1ST CARD EXPERIMENT IDENTIFICATION INCLUDING LSAC CATALYST
CODE AND ISOTHERMS OBTAINED - UP TO 80 ALPHANUMERIC
CHARACTERS
2ND CARD N YY.YYYY ZZ.12
WHERE N WAS AN INTEGER-O, 1 OR 2 THAT DEFINES THE
STATUS OF THE CALIBRATED BULB, VBULB.
N=0 STANDARD BULB WAS CLOSED TO THE DOSER VOLUME,
N=1 STANDARD BULB WAS OPEN TO THE DOSER VOLUME AND
WAS INCLUDED AS PART OF THE DOSER VOLUME
N=2 STANDARD BULB WAS VARIABLE, THAT IS, EITHER
OPENED OR CLOSED FOR EACH ISOTHERM POINT.
Y (FREE FORM) WAS THE MASS OF THE CATALYST CHARGED
TO ADSORPTION CELL, GRAMS
Z (FREE FORM) WAS CELL TEMPERATURE IN DEG CENTIGRADE
3RD CARD CELL VOLUME CALIBRATION DATA, P1, T1, P2, T2, P3, T3
(FREE FORM, SEPARATED BY A SINGLE SPACE) IN THE FORM
UUU.UUU VV.VV WWW.WW XX.XX YYY.YYY 2Z.2Z
WHERE U=P1 WAS THE PRESSURE IN CALIBRATED DOSER
VOLUME MEASURED AT THE AMBIENT TEMPERATURE V=TI,
W = P2 WAS THE PRESSURE IN THE CALIBRATED DOSER VOL-
UME PLUS THE CONNECTING STOPCOCK VOLUME AFTER EXPAN-
SION MEASURED AT THE AMBIENT TEMPERATURE X = TZ, Y =
P3 WAS THE PRESSURE IN THE DOSER VOLUME PLUS THE
CELL AFTER THE SECOND EXPANSION MEASURED AT THE AM-
BIENT TEMPERATURE Z = T3 WITH THE CELL IMMERSED IN
THE CONSTANT TEMPERATURE BATH, P1, P2, AND P3 WERE IN
DEGREES AND T1, T2, AND T3 WERE IN DEGREES CENTIGRADE
4TH CARD LAST CARD OF CALIBRATION DATA, SAME FORM AS DATA EX-
CEPT UUU.UUU WAS 999.9 OR LARGER, THAT IS, FINAL
CARD SHOULD READ
969.9 999.9 999.9 999.9 999.9 999.9
STH CARD ISOTHERM TITLE - UP TO 80 ALPHANUMERIC CHARACTERS
6TH CARD ADSORPTION ISOTHERM DATA, P1, T1, P2, T2
(FREE FORM, SEPARATED BY A SINGLE SPACE) IN THE FORM
WWW.WWW XX XX YYY.YYY 2Z.2Z
WHERE W = P1 WAS THE PRESSURE IN THE DOSER VOLUME AT
AMBIENT TEMPERATURE X = T1, Y = P2 WAS THE PRESSURE
IN THE DOSER VOLUME PLUS THE CELL AFTER EXPANSION AT
AMBIENT TEMPERATURE Z = T2.
THE PROGRAM ACCEPTED 1 TO 20 SETS OF ISOTHERM DATA
7TH CARD LAST CARD OF ISOTHERM DATA, SAME FORM AS DATA EXCEPT
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UUU.UUU WAS USED TO TERMINATE ISOTHERM CALCULATION
OR TO SET THE MODE FOR CONTINUATION OF CALCULATION
OF SUBSEQUENT ISOTHERM, THE FORM OF FINAL CARD WAS
UUU.UUU 999.9 999.9 999.9
WHERE IF UUU.UUU = 999.9 TERMINATION OF CALCULATION
IF UUU.UUU = 1002.0 ANOTHER ISOTHERM TO FOLLOW
WHICH INCLUDED A NEW SET
OF CELL VOLUME CALIBRATION
DATA
IF N WAS EQUAL TO 2 ON SECOND CARD (STANDARD BULB IN
VARIABLE MODE) THEN THE ADSORPTION ISOTHERM DATA,
6TH CARD WAS OF FORM
6TH CARD WWW.WWW XX.XX YYY.YY ZZ.ZZ M
WHERE W, X, Y, AND Z WERE THE SAME AS ABOVE
IF M = 0, STANDARD BULB WAS NOT INCLUDED IN DOSER
VOLUME
IF M = 1, STANDARD BULB WAS INCLUDED IN DOSER VOLUME
DIMENSION TIT(80),CP1(10),CP2(10),CP3(10)
DIMENSION PISOI(100),PISOF(100),DCP1(100),DCP2(100),DCP3(100)
DIMENSION RSC(10),RCELL(10),TIC(100),TFC(100),TI(100),TF(100)
DIMENSION Ti(10),T2(10),T3(10),TK1(10),TK2(10),TK3(10)
DIMENSION DPISOF(100),TIT2(80,5),DPISOI(100),NVSB(100),L(5)
1 CONTINUE
THE QUARTZ BOURDON TUBE CALIBRATION CONSTANTS C, Bl, B2 AND BIL
WERE READ AT THIS POINT. THE PRESSURE FROM 1.0 TO 102.0 DEGREES
WAS GALCULATED FROM THE EQUATION P(I) = C + B1*DEG + B2*DEG*DEG
WHERE THE CONSTANTS WERE DEFINED AS FOLLOWS, C WAS THE INTERCEPT,
Bl WAS THE COEFFICIENT OF THE FIRST ORDER TERM AND B2 WAS THE
COEFFICIENT OF THE SECOND ORDER TERM. THE PRESSURE FROM 0.0 TO 1.0
DEGREE WAS CALCULATED FROM THE EQUATION P(I) = BIL*DEG WHERE BIL
WAS THE TUBE CONSTANT IN TORR DEGREE FROM THE ORIGINAL CALIBRATION
IT WAS NECESSARY TO CHANGE THESE CARDS WHEN CAPSULE WAS CHANGED.
ALSO THE CALIBRATED DOSER VOLUME WAS RECALIBRATED WHEN CAPSULE WAS
CHANGED, THAT IS, NEW VALUE OF V1 REQUIRED (PROGRAM CARD NO. 12)
Bl = 8.160982
B2 = -0.0001544
C = -0.4245883
BIL= 8.14762
VBULB = 49,0548
V]l = 6.2890
MODE=1
NK=0
XMULT=0.0
ARSC=0.0
ARCELL=0.0
READ(5,25) (TIT(I),I=1,80)
25 FORMAT(80A1)
READ, IFSB, WTSAMP, TCELL
TC= 273.16 + TCELL
N=0
3 N=N+1
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152
153

56

READ, DCP1(N),T1(N),DCP2(N),T2(N),DCPE(N),T3(N)
TK1(N) = 273.16 + TI(N)

TK2(N) = 273.16 + T2(N)

TK3(N) = 273.16 + T3(N)

IF(DCP1(N)-999.9)100,5,5

CPI(N) = (C + BI*DCPI1(N) + B2*DCP1(N)*DCP1(N))/10.0
CP2(N) = (C + BI*DCP2(N) + B2*DCP2(N)*DCP2(N))/10.0
CP3(N) = (C + BI*DCP3(N) + B2*DCP3(N)*DCP3(N))/10.0
RSC(N) = (CP1(N)/TK1(N)-CP2(N)/TK2(N))*TK2(N)/CP2(N)
RCELL(N)=(CP2(N)/TK2(N)-CP3(N)/TK3(N))*TC/CP3(N)
ARSC=ARSC+RSC (N)

ARCELL=ARCELL+RCELL (N)

GO TO 3

N=N-1

ARSC=ARSC/FLOAT (N)

ARCELL=ARCELL/FLOAT (N)

AVSC=ARSC*V1

AVCELL=ARCELL*(V1+AVSC)

NIFSB=IFSB+1

NK=NK+1

L(NK)=20*(NK-1)

READ(S,25) (TIT2(I,NK),I=1,80

L(NK)=L(NK)+1

M=L (NK)

GO TO (55,55,56),NIFSB

CONT INUE

READ, DPISOI(M),DPISOF(M),NVSB(M)

GO TO 59

CONT INUE

READ,DPISOI (M), TIC(M),DPISOF (M), TFC(M)
IF(DPISOI(M)-999.9)15,20,20

IF (DPISOI(M)-1000.0)53,53,21
MODE=IFIX (DPISOI (M) -1000.0)

GO TO (53,152,53),MODE

IF(DPISOI(M) - 1.0)16,17,17

PISOI(M) = BIL*DPISOI(M)/10.0

GO TO 18

PISOI(M) = (C + BI*DPISOI{(M) + B2*DPISOI(M)*DPISOI(M))/10.0
CONTINUE

TI(M) = 273.16 + TFC(M)

TF(M) = 273.16 + TIC(M)

IF(DPISOF (M) - 1.0)23,24,24

PISOF(M) = BIL*DPISOF(M)/10.0

G0 TO 51

PISOF(M) = (C + BI*DPISOF (M) + B2*DPISOF (M)*DPISOF(M))/10.0
CONT INUE

GO TO 9

VDOSER=V1+AVSC+BULB*FLOAT{ IFSB)

WRITE (6,27)

FORMAT (*1°)

WRITE(6,28) (TIT(Z),I=1,80)

367




106
107
108
109
110
111

112
113
114
115

117
118
119
120
121

28 FORMAT(1X,80A1)
WRITE(S, 10)
10 FORMAT(/43H P(DEG) P(CM) RATIO)
D0 6 I=1,N
60WRITE(6,7) DCP1(I),CP1(I),TK1(I),DCP2(I),CP2(1),TK2(1),RSC(I),DCP3
4(1),CP3(I),TK3(I),RCELL(I)
7OFORMAT(F10.3,F13.3,1H(,F6.2,1H)/F10.3,F13.3,1H(,F6.2,1H) ,F14.6/
4F10.3,F13.3,1H(,F6.2,1H),F14.6/)
WRITE(6,32)ARSC,ARCELL
32 FORMAT(35X,9H--------- /30X,F14.6/30X,F14.6)
WRITE(6,8)AVSC,AVCELL
8 FORMAT(1X,12HAVE FSC  =,F10.4/1X,12HAVE VCELL =,F10.4)
GO TO (70,70,71),NIFSB
70 WRITE(6,80)VDOSER
GO TO 72
71 WRITE(6,81)
80 FORMAT(1X,12HVDOSER -,F10.4)
81 FORMAT(1X,22HVDOSER = VARIABLE)
72 1F(WTSAMP) 154,154, 34
34 XMULT = 1.0/(76.0*WTSAMP)
WRITE(6,31)WTSAMP
31 FORMAT(1X,12HDRY WEIGHT =,F10.4)
154 DO 155 NL=1,NK
SPVADS=0.0
SUMADS=0.0
OPVLEF=0.0
35 WRITE(6,28) (TIT2(I,NL),I=1,80)
IF(NL-1)98,98,99
98 WRITE(6,11)
110 FORMAT(/77H P(DEG) P(CM) PV(ADSORB) V ADS(CC/G)
4SUM VADS  MOLES E-6)
99 L(NL)=L(NL)-1
MI=L(NL)-(NL-1)*20
DO 13 I1=1,M1
I=11+(NL-1)*20
PRINT,VDOSER, AVCELL
PVIEFT=PISOF (1)*AVCELL
GO TO (60,60,58),NIFSB
58 VDCSER=V1+AVSC+VBULB*FLOAT(NFSB(1))
60 PVADS = ((PISOI(I)/TI(1)-PISOF(1)/TF(1))*VDOSER + OPVLEF/TC-
4PVLEFT/TC)*273.16
PRINT,PISOI(I),TI(I),PISOF(I),TF(I),VDOSER,OPVLEF,PVLEFT
SPVADS=SPVADS+PVADS
OPVLEF=PVLEFT
30 ADSG=PVADS*XMULT
33 SUMADS=SUMADS+ADSG
XMOLES=SUMADS/0.022414
GO TO (64,64,62),NIFSB
62 WRITE(6,63)11,0PISOI(I),PISOI(I),VDOSER
63 FORMAT(I3,1H),F7.3,F9.3,4X,8HVDOSER =,F10.4)
GO TO 13
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122 64 WRITE(6,19)11,DPISOI(I),PISOI(I),TI(I)

123 19 FORMAT(13,1H),F7.3F9.3,1H(F6.2, IH))

124 13 WRITE(6,26) DPISOF(I),PISOF(I),TF(I),PVADS,ADSG,SUMADS, XMOLES
125 26 FORMAT(F11.3,F9.3,1H(,F6.2,1H),4(F12.4)/)
126 155 CONTINUE

127 GO TO (150,150,1),MODE

128 150 CONTINUE

129 STOP

130 END

131  $DATA

132 $STOP

133 /*
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TAR-11---H2, 02, AND TITRATION ISOTHERMS, PLATINUM/SILICA GEL CATALYST

P(DEG) P(CM) RATIO
83.593 68.070( 27.00)
76.633 62.407( 27.05) 0.090921
31.235 25.433( 27.10) 1.419770
84.266 68.617( 24.95)
77.248 62.907( 25.05) 0.091132
31.357 25.533( 25.15) 1.439332
84.560 68.856( 25.45)
77.507 63.118( 25.50) 0.091097
31.636 25.760( 25.60) 1.423842
83.386 67.901( 26.10)
76.457 62.264( 26.20) 0.090909
31.159 25.371( 26.30) 1.424306
0.091015
1.426812
AVE YSC = 0.5724
AVE VCFLL = 9.7899
JDOSER - 6.8614
DRY WFIGHT = 0.5030
OXYGEN ADSORPTION ISOTHERM AT 20 C--400 C RED, 400 C EVAC 8 HOUR(REPEAT)
P(DEG)  P(CM) | PV (ADSORB) V ADS(CC/G) SUM VADS
1) 8.845  7.175( 25.7)
3.199  2.568( 26.35)  5.3662 0.1404 0.1404
2) 13.342  10.843( 26.3)
7.260  5.882( 26.70)  0.7369 0.0193 0.1597
3) 20.140 16.387( 26.8)
12.452  10.117( 26.95)  0.4799 0.0126 0.1722
4) 25.676 20.901( 26.9)
17.765 14.451( 27.40)  0.5617 0.0147 0.1869
5) 30.126  24.529( 27.4)
22.724 18.495( 27.70)  0.5906 0.0154 0.2023
6) 36.289 29.553( 27.6)
28.183  22.945( 27.80)  0.4518 0.0118 0.2142

CORE USAGE O0BJECT CODE = 6552 BYTES,ARRAY AREA= 7730 BYTES, TQTAL

MOLES E-6
6.2666

7.1272

7.6877

8.3437

9.0333

9.5610

COMPILE TIME= 0.57 SEC,EXECUTION TIME = 0.18 SEC, WATFIV - VERSION 1
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APPENDIX E

REACTOR MASS BALANCE COMPUTER PROGRAMS
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A. Program for Product Analysis for the Catalytic Cracking of Kerosene

The Fortran program, MASSBAL2, was written to process the data from the analyses of the products
produced in the catalytic cracking of kerosene. A sample input and output are included. The input data

was taken from the analyses of the gas and liquid products produced in Run number 44.

Table E-1

Program Listing for MASSBAL2

Program to calculate the product yicld from the cracking of
keroscne. The program can be casily modificd to calculate
product yicld for the cracking of dicscl boiling range material,
simply by incrcasing the product slate to include the highest
boiling carbon number below the initial boiling point of diesel. The
highest boiling point carbon number which boiled below the initial
boiling point of the kerosene for which this program was writtcn was
Co.
)Thc input is obtained from gas chromatographic analyses of the
vas and liquid products. The gas product data is cast in the
form of adjusted weight percents (the sum of all the weight
pcrcents must equal 100 %). The liquid product data is input as
rclative weight percents, obtained directly from the analyses of the
liquid product. The mass of the liquid, the mass of the gas and the
average molccular weight are input in free formatted form. The
names of cach chemical specics and thc amounts in the liquid and gas
products arc also input in a sct format.
The program calculates the weight percent and mole percent for
cach spccics present in the products. The program also
calculates the number of moles of each product produced per
100 moles of feed converted. In addition the program also
computes the following:
1) the weight pereent of the feed that was converted,
2) the weight percent yicld to aromatics,
3) thce number of molcs of double bonds in aromatics,
4) thc number of moles of double bonds in monounsaturates
(olefins + naphthenes),
5) the ratio of accounted double bonds to theoretical
doublc bonds based on the change of thec number of moles
during the rcaction, this value should equal unity when
there is no hydrogenation or dehydrogenation and the
product analysis is accurate,
6) the hydrogen to carbon ratio of the products, and
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7) the number of moles of product produced for every
hundred moles of feed converted.

Variables
MLIQ-------- mass of liquid product
MVAP-------- mass of vapor product
MWAVGF------average molecular weight of fced

FRAC-------- ratio of accounted unsaturations lo theoretical
unsaturations

HSUM-------- the number of moles of hydrogen present in the
products

CSUM-------- the number of moles of carbon present in the
products

HCRAT------- hydrogen to carbon ratio of the products

CENSUM.------ number of moles of product produced for every
hundred moles of feed converted

MOLEO------- the number of moles of feed into the reactor

MOLEFN------ the number of moles of product

TUNSAT:----- the theoretical number of unsaturations produced
= MOLEFN - MOLEO

OUNSAT------the number of moles of unsaturations present as
olcfins and naphthencs

AUNSAT------ thc number of unsaturations present in aromatics

Arrays
NAME-------- contains the names of each species in the
rcactor products
MW-eeeeeee molccular weight of cach specics
WT-eeeeeeee rclative weight percent of products in liquid

fced replaced by absolute weight percent of
products in the total liquid and gas product

WTG--------- absolutc weight percent of products in gas
product

3 moles of hydrogen atoms/mole of cach species

Cemmeomneeee moles of carbon atoms/mole of cach specics

MOL--------- mole percent of cach species in the products

CEN---eeevee moles of cach product produced per one hundred

moles of feed cracked

Variable and array declarations

REAL MLIQMVAP,SUMWT,SUM,SUMOL MWAVGF,FRAC
REAL WT(42),ADJWT(42), WTLIQ(42), WTG(42), MW(4B)

REAL AUNSAT,OUNSAT, TUNSAT,MOLEO,MOLEFN,H(42),C(42)
REAL MOL(42), MOLIQ(42), MOLGAS(42), WTGAS(42),FEED(22)
REAL HSUM,CSUM,HCRAT.CENSUM,CEN(42)
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INTEGER I
CHARACTER*14, NAME(42)
C
C Input the data
PRINT *, Input names of species and molecular wts,’,
# > wt. % of liquid products, wt. % of gas products,’,
# " moles of H and moles of C in mole of specics.’
DO 10 I=1,42
READ(S,11)NAME(I),MW(I), WT(I), WTG(I),H(I),C(I)
WRITE(6,11)NAME(I), MW(I), WT(I), WTG(I),H(I),C(I)
11 FORMAT(1X,A14,1X,F5.0,1X,F7.3,1X,F7.3,1X,F4.0,1X,F4.0)
10 CONTINUE
C
PRINT *, ’ Input the total wt. of liquid product (g.).’
READ *, MLIQ
WRITE(6,12)MLIQ
12 FORMAT(2X,F7.2)
PRINT *, ’ Input average molccular weight of feed.’
READ *, MWAVGF
WRITE(6.12)MWAVGF
PRINT *, ’ Input the total wt. of gas product (g.).’
READ *, MVAP
WRITE(6,12)MVAP

Normalizc the adjustcd weight percents in the liquid to
absolutc weight percents, and determine the number of moles
of cach spccics in the product strcam.
SUM= 0.
DO 14 [=1,42

SUM= SUM + WT(I)/100.
14 CONTINUE

Do

DO 20 [=1,42
ADJWT(I)=WT(I)/SUM
WTLIQ(I)= ADJWT(1)*MLiQ/100.
MOLIQ(I)= WTLIQ(I)MW(])

20 CONTINUE

DO 21 I=1,13
WTGAS(1)= WTG(I)* MVAP/100.
MOLGAS(I)=WTGAS(IyMW(I)

21 CONTINUE
C Dectermine absolute weight and liquid [ractions.
C

SUMOL= 0.

DO 25 I=1,42

MOL(I)= MOLGAS(I) + MOLIQ(I)
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SUMOL= SUMOL + MOL(])

WT(I)= MOL(I)*MW(I)*100.(MLIQ+MVAP)
CONTINUE
DO 26 1=1,42

MOL(I)= MOL(I)*100./SUMOL
CONTINUE

Calculate conversions (based on weight percent of product).
Xa is a dummy variable initially, then it becomes the
total conversion. Xd is conversion to aromatics.
XA= 0.
DO 28 I=1,19
XA= XA + WT(I)
CONTINUE
XD= 0.
DO 30 1=36,42
XD= XD + WT(])
CONTINUE
XA= (XA+XD)
Calculate moles of unsaturations.
Aunsat is moles of unsaturations in aromatics.
Ounsat is numbcer of unsaturations in naphthcnes and
olefins (assuming no cycloolefins or diolefins).
AUNSAT= SUMOL/100.*(4.*(MOL(36)+MOL(37)+MOL(38)
# + MOL(39)+MOL(40)+MOL(41) + MOL(42)) )
OUNSAT= SUMOL/100.*(MOL(2)+MOL(4)+MOL(8)+MOL(11)+MOL(13)
# +MOL(15)+MOL(17)+MOL(19)+MOL(21)+MOL(23)+MOL(25) )

Calculate number of theorctical unsaturations by delta
molcs during reaction.

MOLEO= (MLIQ+MVAP)MWAVGF

MOLEFN= SUMOL

TUNSAT= MOLEFN - MOLEO

Calculate actual unsaturations/thcoretical unsaturations
FRAC= (AUNSAT +OUNSAT)/TUNSAT

Calculate H/C ratio of products.
HSUM= 0.
CSUM= 0.
DO 35 I=1,19
HSUM= HSUM + MOL(I)*H(I)
CSUM= CSUM + MOL(I)*C(])
CONTINUE
DO 36 1=36,42
HSUM= HSUM + MOL(I)*H(I)
CSUM= CSUM + MOL(D*C(I)
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36 CONTINUE
HCRAT=HSUM/CSUM
C  Calculate the number of moles of each species for every one
C  hundred moles cracked.
C
CENSUM = 0.
TMOL= (MLIQ+MVAP)*(XA)/(100.*MWAVGF)
DO 37 I1=1,42
IF( (1.GE.20).AND.(I.LE.35) )GO TO 37
CEN(D= WT(I)*(MLIQ+MVAP)/(MW(I)*TMOL)
CENSUM= CENSUM + CEN(I)
37 CONTINUE
WRITE(6.39)
39 FORMAT(’1',1X)
PRINT *, -omceeemmmcmmomee e ",

PRINT *," Product Mole percent Wi, percent Moles/,
# 100 Molcs’
PRINT *,'-oeeev "
B e ’ N
DO 30 [=1,42
WRITE(6,41) NAME(I), MOL(I), WT(I),CEN(I)

b FORMAT(2X,A14,2X,F5.2,3X,F5.2,8X,F7.2)

1), CONTINUE
PRINT */ ',
PR .
WRITE(6,42)XA,XD

42 FORMAT(1X, Total conversion = "F6.2,/,1X,
# ' Conversion to aromatics = ',F6.2,/)
WRITE(6,51)OUNSAT,AUNSAT,FRAC

51 FORMAT(1X, ’ Olefinic and naphthcnic unsaturations ',
# F6.4,/1X,’ Aromatic unsaturotions ', F6.4,/,1X,
# ' Accounted Unsaturations/Theoretical Unsaturations =",
# 1X,F6.4,)
WRITE(6,52)HCRAT

52 FORMAT(1X," Hydrogen/Carbon Ratio =",1X,F5.2)
WRITE(6,53)CENSUM

53  FORMAT(1X." Number of moles produced per 100 moles of,
# " feed cracked = ' F7.2)
PRINT */ ,

STOP
END
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Table E-2
Sample Input For MASSBAL2
Since the input for MASSBAL2 is formatted, this data must be input exactly as it appears here.
The data in the first column are the names of cach specics, the data in the second column are their
molccular weights, the data in the third column arc the relative weight percents of each species in the
liquid product and the data in the fourth column arc the absolutc weight percent of each species in the
gas product. The final three numbers in the table are the mass of liquid product collected frpm the run,

the average molecular weight of the feed and the mass of the gas collected from the run, respectively.

377




C1
C2 olefin
2
C3 olefin
0}
Iso C4
C4
C4 olefin
Iso CS
Cs
CS5 olefin
Cé6
C6 olefin
Cc7
C7 olefin
C8
C8 olefin
9
9 olcehn
1
o0 alehin
cl
11 olehin
12
12 olefin
C13
Ci4
C15
Clo
17
C18
C19
C20
Cc21
Cc22
Benzene
Tolucne
Xylenes
C9 aromatics
C10 aromatics
Cl1 aromatics
C12 aromatics
21.95
181.6
4.3()

16

30
42

58
58
56
72
72
70

100

98
114
112
128
126
142
140
156
154
170
168
184
198
212
226
240
254
268
282
296
310

78

9
106
120
134
142
156

0.0
0.333
0.339
1.727
0.524
3.622
2.343
1.917
1.878
3.406
0.41
2.05
1.07
1.074
0.905
0.77
4.153
0.0
9.795
0.0
18.041
0.0
14.546
11.168
6.653
3.23
3.173
1.13
0.0
0.0
0.0
0.0
0.551
0.76
1.081
0.995
0.0
0.0
0.0
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Table E-3
Sample Output from MASSBAL2

This is a sample output resulting from the input. data listed in Table B-S5. The first page is an

output of the input data. The second page prcsents the results that are calculated from the input data.

Input names of species and molecular wts, wt percent of liquid products, wt percent of gas products,
moles of H and moles of C in mole of specices.

C1 16 0.000 0.070 4 1
C2 olefin 28 0.000 1.030 4 2
2 30 0.000 0.700 6 2
C3 olefin 42 0.000 6.570 6 3
C3 44 0.333 25.140 8 3
Iso C4 58 0.339 20.070 10 4
C4 S8 1.727 22.020 10 4
1 olelin 56 0.524 8.910 8 4
lvo 'S 72 3.622 0.150 12 5
('3 72 2.343 5.490 12 5
O3 oletin 70 1.917 8.060 10 5
€6 86 1.878 1.010 14 6
6 olefin 84 3.406 0.780 12 6
7 100 0.410 0.000 16 7
C7 olefin 98 2.050 0.000 14 7
C8 114 1.070 0.000 18 8
(8 olctin 112 1.074 0.000 16 8
9 128 0.905 0.000 20 9
9 olefin 126 0.770 0.000 18 9
Clo 142 4.153 0.000 22 10
C10 olefin 140 0.000 0.000 20 10
Cit 156 9.795 0.000 24 11
C11t olefin 154 0.000 0.000 22 11
C12 170 18.041 0.000 26 12
C12 olefin 168 0.000 0.000 24 12
C13 184 14.546 0.000 28 13
Cl4 198 11.168 0.000 30 14
Ci5 212 6.653 0.000 32 15
Cl16 226 3.230 0.000 34 16
C17 240 3.173 0.000 36 17
CI8 254 1.130 0.000 38 18
C19 268 0.000 0.000 40 19
C20 282 0.000 0.000 4?2 20
C2 296 0.000 0.000 44 21
C22 310 0.000 0.000 46 2
Benzene 78 0.551 0.000 6 6
Tolucne 92 0.760 0.000 8 7
Xylences 106 1.081 0.000 10 8
C9 aromatics 120 0.995 0.000 12 9
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C10 aromatics 134 0.000 0.000
C11 aromatics 142 0.000 0.000
C12 aromatics 156 0.000 0.000
Input the total wt. of liquid product (g.).
21.95
Input average molecular weight of feed.
181.60
Input the total wt. of gas product (g.).
4.30
380
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Product Mole Weight Moles Produced

Species (%) (%) 100 Moles Cracked
C1 0.08 0.01 0.34
C2 olefin 0.65 0.17 2.85
(o) 0.42 0.11 ) 1.81
C3 olchin 2.78 1.08 12.11
C3 10.87 4.40 47.28
Iso C4 6.70 3.58 29.15
C4 9.53 5.09 41.43
C4 olefin 3.70 1.91 16.10
Iso C5 4,72 3.13 20.52
Cs 438 291 19.07
CS olefin 4.60 2.96 19.99
Cé6 2.24 1.77 9.74
C6 olehin 3.94 3.04 17.12
C7 A 0.38 0.35 1.66
C7 olchin 1.95 1.76 8.46
(X 0.87 0.92 3.80
¢~ letin 0.89 0.92 3.88
(Y 0.66 0.78 2.86
€9 olelin 0.57 0.66 2.47
1 272 3.56 0.00
C10 olefin 0.00 0.00 0.00
C11 5.84 8.39 0.00
C11 olefin 0.00 0.00 0.00
c12 9.87 15.45 0.00
C12 olelin 0.00 0.00 0.00
13 7135 12.46 0.00
Cid 5.28 9.56 0.00
Cis 2.92 5.70 0.00
Cil6 1.33 2.77 0.00
C17 1.23 2.72 0.00
Ci8 0.41 0.97 0.00
C19 0.00 0.00 0.00
C20 0.00 0.00 0.00
21 0.00 0.00 0.00
Cc22 0.00 0.00 0.00
Benzene 0.66 0.47 2.86
Toluene 0.77 0.65 3.34
Xylenes 0.95 0.93 413
C9 aromatics 0.00 0.00 0.00
C10 aromatics 0.00 0.00 0.00
C11 aromatics 0.00 0.00 0.00
C12 aromatics 0.00 0.00 0.00
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Total conversion = 38.44
Conversion to aromatics = 2.90

Olefinic and naphthenic unsaturations 0.0461
Aromatic unsaturations 0.0304
Accounted Unsaturations/Theoretical Unsaturations = 0.7880

Hydrogen/Carbon Ratio = 2.21
Number of moles produced per 100 moles of feed cracked = 274.32
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APPENDIX F

DERIVATION OF THE BET EQUATIONS

383




In order to better understand the nature of the BET equation and its limitations, the equations
obtained by Brunauaer, Emmett and Teller?>? are derived here. In addition to the derivation of
the BET (A) (‘the BET equation’), thc derivations of the BET (B), BET (C) and BET (D)

equations are also provided.

The Derivation of the BET (A) Equation

The derivation of the BET (A) equation incorporates several basic assumptions:

1) the propertics of the adsorptive in the sccond and higher monolayers

arc cquivalent to the properties of adsorptive in the liquid

phase, and;
2) an infinite number of monolayers can be formed.
In the derivation that follows Sp» S0 §3, - - -, §; represent the arca covered by the 1st, 2nd,
3rd, . . ., ith layers of adsorptive adsorbed on the surface of the adsorbent. The term s will

represent the bare or uncovered surface of the adsorbent.

Al cquilibrium the arca of uncovered surface, s, remains constant. That is, the rate of

0'
uncovcring of bare surfacc by desorption from the first monolayer is cquivalent to the rate of bare
surface being covered by adsorption from the gas phase.

First cquate the rate of adsorption in the [irst monolayer on the bare adsorbent surface and

the ratc of desorption from the first monolaycr which exposes the bare adsorbent surface:

-E
a,ps, = blsl exp (WL) (F-1)

where
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ay is the rate constant for adsorption;

P is the partial pressure of adsorptive;

So is the area of adsorbent surface available for adsorption;
b is the rate constant [or dcsorption;

S is the surfacc area covercd by the first monolayer; and

E; is the heat of adsorption of adsorptive in the first monolayer.

A similar expression can be written for the second adsorbed monolayer at equilibrium.

-E -t
2
aps; + blsl exp (RTI = b?_s2 exp ( RT ) + a;ps

. (F-2)

where:
ap is the rate constant for adsorption of the second adsorbcd monolayer;
by is the rate constant for desorption of the sccond adsorbcd monolayer;
s9 is the surface area covered by the sccond adsorbed monolayer; and

E, is the heat of adsorption of adsorptive in the sccond adsorbed monolayer.

The first term on the left represents the rate of adsorption on the first monolayer as it is
covered with adsorptive to form the second adsorbed monolayer. The second term is the rate of
desorption from the first monolayer to uncover the barc adsorbent surface. The first term on the
right is the rate of formation of the first monolaycr due to desorption from the second adsorbed
monolayer, the sccond term on the right is the rate of formation of the first monolayer due to
adsorption of adsorptive on the bare surface. If Equation (F-1) is subtracted from Equation (F-2)

wc obtain the following cxpression:
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agps; = bzs2 exp ( RT ) (F-3)

This procedure can be extended to an infinite number of monolayers to generate the

following set of equations:

-E
3
a3ps, = b3$3 exp (—RT

-E.

I -
aps;_y = bis. exp ( RT (F-4)

1

The total surface arca of the adsorbent is obtained from the summation of the exposed
surface arcas of all the monolayers formed from the bare surfacc or zcroth monolayer up to the

highest monolayer:

A = 2 s, (F-5)
1=

The total volume of adsorptive adsorbed in all monolayers is given by Equation F-6.

Vay r is, (F-6)
where:
o is the volume of gas requircd to cover a unit area of the bare surface, cm3;
S is the surface area covered by the ith monolayer, m2; and
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i in the summation represents the sum of the monolayers covered by the ith

monolayer.

It follows that:

[ ]
z isi
v i=0
Av0 Vm . (F-7)
I S‘i
i=0
where:
Vm is the volume of gas adsorbed when the entire adsorbent surface is covered with a

complete unimolecular monolayer of adsorptive.
It is assumcd that the hecats of adsorption of the second and higher monolayers of
adsorbent are identical to the latent heat of condensation of the adsorptive. It is also assumed
that the adsorption/desorption properties of the sccond and higher monolayers arc cqual. These

two assumptions can be cxpressed as follows:

%=E3=EI=EL (F-S)
and

—:3—-:3-...:"-g (F-9)

2 2 i

The fraction of the surface covered by the first monolayer, s, can be calculated from
Equation (F-1):
a E
1
S; = blpso exp (—R%—) (F-10)
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or

a E
$; = ¥s, where y = —5%- p exp (—§%~) (F-11)

The fraction of the surface covered by the second monolayer, s,, can be calculated from

Equation (F-3).

a,ps, E Psy E

Sg = b, exp ( R12_ ) = g ©&XP (T%_ (F-12)
or
2 L
S, = XSy where x = 3 exp (—Tﬁ) (F-13)

This analysis can be extended to subsequent monolaycrs:

53 = 155 = x5, (F-14)

h

or for the i'" monolayer we have:

5 = XS = xi'lsl = xi'lyso = Cxiso (F-15)
where
¢ - L (F-16)
a (E, - E)
c - —b:— g exp [—hz—t—] (F-17)
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The substitution of Equation (F-15) into Equation (F-7) gives:

z s, z i(cx‘so)

i=Q i=0
V. e = ° (F-18)
m j
- T S, s .+ & (cx's))

i=0 | 0

Since ¢ and s, are constant, they can be moved out of the summations. When i = 0, the

first term in the upper summation vanishes, thus,

[ ] ' [ ] .
cso £ ix c T 1x1
v i=] j=]
v = " i " 1' (F-19)
So + Cs, T X l1+c¢c ¢ x
i=] i=]

When x is less than 1, the summation in the denominator can be written as:

j X
T X = = (F-20)
i=1 1-x

Equation (F-20) may be substituted into Equation (F-19) to obtain:

C .81 1X
)] 1=
(F-21)
Vi (1 + (f’_‘x) ]

Consider the expansion of the summation in the numerator:
i =x+22 + 3 + 4. . (F-22)

which may be rewritten as:
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° 2 3 4
z ixi = X dé:) + X dé: L, x déi L, d‘;x R (F-23)

i=1

We can rewrite Equation (F-23) as:

z ix! = x —ag— (£ x') (F-24)

i=] i=1

Substituting Equation (F-20), for the summation reduces the summation to an algebraic

cxpansion:

i:] ixi = X dg ( (l)-(X)) = x ( (l)_(x)z) (F-25)
: ix! . —X (F-26)
i=1 (1-x)

If we substitute Equation (F-26) into Equation (F-21), we obtain:

cX
v (1-x)2 - cX
e By af o =5 (F-27)
v CcX
Vm ©(1-x) (1-x+cx) (F-28)

Adsorption on a frce surface at the saturation pressurc of the adsorptive, p, results in the

{ormation of an infinitc number of monolayers. If v = w and p = Po then:
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—:_m- e (l-x)((lz)-(x+cx) (F-29)

which requires x = 1 for finite values of c.

Then
p 3
x =1 = —2 exp( le ) (F-30)
or
E
1 L, _ 1
g 2 (Rr) =5
and
2,1l ex (—EL— for all
Py p g P {TRT Y
Ly (F-31)
Po

The substitution of Equation (F-31) into Equation (F-29) gives:

D
c(=)
v - po
v b b, cp
m (1 - ) (1 + + )
po po po
v_Cp
v = m (F-32)

(po-p) [1 + (c-1)=p-]
0
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1 ' Q)R] - —B—
Ve L (e ] = S )
b L, fello (F-33)

v(p,-P) = Ve V.C P,

Equation (F-33) is known as lhé BET (A) cquation.

There are thrce other BET cquations which rclieve assumptions that were included as part
of the derivation of the BET (A) equation. The BET (B) equation relieves the assumption that
an infinite number of monolayers torm.  Adsorption in the pores of solid adsorbents permits the
formation of a limited number of monolayers. Consequently, at higher dimensionless pressures, the
pores ol the catalyst limit the formation of additional monolayers and the actual adsorption is less
than the adsorption predicted by the BET (A) equation. This normally occurs above dimensionless
pressurces greater than x = p/po greater than 0.35, but it can occur at lower dimensionless
pressures in materials with small pore diameters.

The BET (C) cquation rclicves the assumption that E5 = E;. that is, that the heat of
adsorption of the sccond monolayer is cqual to the heat of condensation of liquid adsorptive.

The BET (D) cquation relicves the assumption in the BET (B) cquation that the porces are

all of cqual size.

Each of the equations are derived below.

The Derivation of the BET (B) Equation

The BET (B) cquation assumes that an infinitc number of monolayers is formed. The
derivation of the BET (A) equation and the BET (B) cquations are identical until that assumption

is applicd in the derivation of the BET (A) equation. Equation (F-19) is the starting point for
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the derivation of the BET (B) equation. Since only n monolayers are formed, the maximum limit

of the summation is n and not infinity.

<

o
H

T

L . - (F-19)

The summations can be expanded as follows:

c(= ixi -z ixi]
v i=] i=n+l
v = = i = i (F-34)
l+c[z x - = x' ]
i=l j=n+]

Substituting Equation (™ &\ fr- ' - “rst summation that appcars in Equation (F-34) and

substituting Equation (F-20) for the first summation in the denominator of Equation (F-34) yields:

S ¥
m [1+—X -C ; x! |
(1-x) i=n+l

The summations with limits of n+1 and infinity must be converted to closcd algebraic
CXPressions.

The summation in the denominator can be converted to a closed algebraic expression by
factoring out x™ so that its lower limit is one. The resulting summation has the closed algebraic

form that appeared in the derivation of the BET (A) equation.

393




° . ™ . n+l

: x' =x" z x' =x" . E— (F-36)
i=n+l i=1 (1-x) (1-x)
or:
° . n+l
r X = (F-37)
i=n+l (1-x)

The summation in the numerator of Equation (F-35) can be converted to a closed algebraic
form by the same mcthod with which the cquivalent summation was converted in the derivation

of the BET (A) cquation. Thc summation in the numerator of Equation (F-35) can be expressed

as the following:

R d ° i
: ix =x-—p[ = x ']
j=n+l dX " iansl

Substituting Equation (F-37) for the summation tcrm yiclds:

- i p xn+1
z ix =X [ ]
i=n+l dx (1-x)

. n n+l
z ix! = x [(n+l)x" - nx 1

i=n+l (l-x)2

- . n+l n+2

poix' . ol X (F-38)
i:n+l (I'X)

Substituting (F-38) and (F-37) into (F-35) gives the following:
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x _ _(nelfE! - R#2

[—*— : ]
v n+l
m 1+c¢c| X - X ]
(1-x) (1-x)
Factoring and cancelling give:
v _¢cx[l - (n+1)x"_+ nx"+ll
m (1-x)(1 - x + cx - cx"+l)
or.
VX [1 - (n+l)xn + nx"”]

- F-40)
! (1-x) {1+ (c-1)x - ex™1] {

Equation (F-40) is known as the BET (B) cquation. For the special casc of n = 1, this
cquation reduces to the Langmuir equation by the following transtormation:

2
cvmx(l-2x+x)

vV = —

(1-x) [1 + (c-1)x - cx

2

Factoring yiclds:

VX (l-x)2
(I-x)(1-x)(1+cx)

Cancclling terms yiclds:

v
CmX

vV s —_(l + oxX) (F-41)
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If c/po is set equal to b, the result is:

=1 p
v . Yo - b0 __ (F-42)
m (1 + cp ) (1 + bp)
p0

which is the Langmuir cquation.

The Derivation of the BET (C) Equation
The derivation of the BET (C) cquation rclaxes two assumptions employed in the

derivation of the BET (A) cquation, that is:

(n the heat of adsorption of the second monolayer is equal to the heat of condensation

of the liquid adsorptive; and

(2) the packing of thc molccules in the first monolayer is the same as the packing of
the molccules in the liquid state.

The derivation of the BET (C) equation is the samc as the derivation of the BET (A)

cquation up until the point that assumptions 1 and 2 above are applicd. Starting with Equation

(F-7):

z s,

v v i=0

a = (F-7)
AVO Vm -

T s,

i=0

When i = 0, the first term in the upper summation is cqual to 0, which yields:
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v v i=]
Av, = Vi = ° (F-43)
i=0

The heats of adsorption of the third and highcr monolayers are assumed to be equal to the

heat of condensatior: of the adsorptive, so the following is truc,

and
b b b.
3 4 i
—— s ., ., .=— =g (F-45)
a, a, a,
From Equation (F-11), the following is known:
3 Ey
S; =Y, where y = ? p exp (T (F-11)
Since £, = E,, a new quantity, z, is defined:
22 el
Sp = IS) = ZYSy; where z = b2 p exp [ RT ] (F-46)
a, E
S3 = XS, = XIS| = XZyS; where x = —b3—- p exp [——LRT ] (F-47)
or:
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E

X = -g— exp [—g-",-l

For the fourth monolayer:

$4 = Xs3 = x2s2 = xzzsl = xzzysO (F-48)
For the ith monolayer:

s; = x5y = X2z = xZgys | iz2 (F-49)
Equation (F-49) docs not apply for i=1. However, for sy, the following is true:
(F-50)

sl=sto

The variable ¢ is defined as it was in Equation (F-16) in the derivation of the BET (A)

cquation. Since Ey = E;, an additional variable, b, is also dcfined as follows:

X 1 9 exD[ RT ] (F'SI)

Substituting (F-16) and (F-51) into (F-49) givcs:

5; = x"2gys | = xibes,, (F-52)
Equation (F-44) can be rewritten as:
§S, + =& is,
1 jap |
v = - (F-53)
m
Ss. +S,+ & s,
] 1 jap
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§ is defined as the ratio of the volume of adsorptive required to form the first monolayer
to the volume of adsorptive required to form subsequent monolayers:

v

& = —ml] (F-54)
v

m .
é allows for the possibility that molccules of adsorptive packed into the first monolayer are
in an adsorbed state which is packed more densely than adsorptive molecules in the liquid phase

but less densely than adsorptive molccules in the solid phasc. Since v the volume of

m,1’
adsorptive required to form a monolayer on the bare surface, is greater than vy, for any other
subscquent monolayer o should be greater than one, but it should not exceed the ratio of the solid

Jensity to the liquid density raised to the 2/3 power.

Substituting (F-11) and (F-52) into (F-53) gives:

§yS. + % bcso(ix’)

v . 0 i=2
v ) .
m i
s +cs.x+ £ bes (x)
0 0 . 0
=2
° j
scxs_ + bces T ix
v 0 0 i=2
— - . (55)
m
+ X + .
So * €35, bcso T X

j=2 !

s and c can be factorcd out of the numerator 1o give:
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cs, (sx +b ¢ ixi

. =2 (F-56)
. s (1 +cx +bc = x')
0 i=2

The summations with the limits 2 and infinity can be converted to summations with limits

of 1 and infinity.

I o,
c (sx +b R: ix' - bx)
- i=] (F-57)

(1 + cx + bc xi - bex)

<

it et 8

i=1

Substituting (F-20) and (F-22) into (F-57) yiclds:

c (sx +b —X . bx)
v (1-x)?
v bex (F-38)
m (I + cx + (1-x) ~ bcx)
X 1
Factoring (l-x)2 out of thc numcrator and (1-x) out of the denominator yiclds:

CX
v (1-x)2

Vm TT%;T [(1-x) + cx(1-x) + (?Si) - bex(1-x)]

(s(1-x)% + b - b(1-x)?]

Expanding and distributing yiclds:

v x| s (L-2x4x%) + b - b(1-2x+x%)

Ym (1-x) 1 - x+cex - cx? + bex - bex + bex

7]

Consolidation of terms in the numerator finally yields:
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VX [ 5 + (b-a)(Zx-xz)

V= 3
1+ (c-1)x + (b-1)cx

T (F-59)

Equation (F-59) is the BET (C) equation.

The BET (D) equation requires no Iengthy derivation, but it is included here for purposes
of complctencss. The BET (D) cquation results form the derivation of the BET (B) equatin.
In the derivation of the BET (B) cquation, it was assumed that the pores were all of uniform size
so that only n monolayers could form in any pore. When there is a wide distribution of pore sizes,
the BET (B) equation will not suitably predict the data.

Equation (F-40) is the BET (B) cquation:

CV X (1 - (n+1)xn + nx"“]

= F-40
’ (1-x) [1 + (c-1)x - cx"+1] _ ( )

The left hand term of the right hand side is not a function of the pore size distribution and
it will not be manipulated to derive the BET (D) equation. The right hand term of the right hand
sidc is a function of the porc size distribution as manifest in the variable n.  Each set of pores
with the same pore size distribution has the same diamcter and conscqucntially the same value for

n. For cach sct of porces with the same pore size, the right hand term of the right hand side can

be written as follows:

1 - (n+)x" & nxn+l

1 + (c-1)x - cxn+l

(F-60)
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The fraction of the surface that is contained in each set of pores can be multiplied in the

front of each expression equivalent to Equation (F-60). Summing for all pores gives the BET (D)

equation.

V_CX © n n+l
v I ey e (F-61)
i=1 1+ (¢c-1)x - cx

Bp here is the fraction of the total surface contained in pores that can contain no more
than n monolayers.

The procedure for using the BET (B), BET (C). and BET (D) cquations is to first use the
BET (A) cquation to determine v, and ¢, and then to use subsequent equations to determine the
respective variables that give the best fit of a plot of the curve with the data.

The BET (A) cquation is uscd far morc often than the othcr thrce equations combined,

but they are uscful in various applications and can provide insights to the nature of an adsorbent.




APPENDIX G

BET SURFACE AREA COMPUTER PROGRAM
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A. Program for the Calculation of BET Surface Areas

BET1 is a Fortran program written to process data obtained from the BET equipment

described in Section VII. Sample input and output for this program are included here. The data

presented was taken from run number 7 in which a complete adsorption/desorption isotherm was

determined for a sample of HZSM-5 catalyst (sample 6).

oloNolo koo oo e NoNo ke No Ko ko N RO R RO Ko RO RO RO N RO RO RO RO RO NN

Table G-1

Program Listing for BET!

A program to calculate Vadsorbed from BET data, and to
perform a lincar regression on the data to determine the surface
arca and the heat of adsorption, (E;-Ej ).

Inputs include the vapor pressure of nitrogen at the
temperature of the cell, the temperature of the cell, the
temperature of the doser manifold, the volume of the doscr
manifold, the volume of the cell at liquid nitrogen
tcmperature, the volume of the cell at ambient temperature,
thc mass of the sample and the number of data points that were
taken. Additional information includes the number of points to
be used to determine the monolayer volume and whether or not
to usc the Langmuir or BET cquation to determinc the monolayer
volume. Finally the data points obtaincd from the adsorption
cquipment are necded. With cach set of data points the volume
of the dosing manifold is nceded. If zcro is input then the
volumc that is uscd in the mass balance is the volumc that was
uscd in the last step of the mass balance. This allows for the
possibility that the operator of the adsorption/desorption equipment
can usc different dosing volumes to facilitatc the detcrmination of
the adsorption/desorption isotherm.

The mcthod is to calculate the amount of gas adsorbed at
cach adsorptive pressurc and to fit a sct of points to a straight
line by lcast squarcs. The slope and y-intcrcept of the line will
be rclated to the monolayer volume and the heat of adsorption
of adsorbate on the surface. Data points below a dimensionless
pressure of P/Po of 0.01-0.05 are not included in the least
squares becausc such points do not fit the theory of the
Langmuir or BET cquations very well. Since this program was
used almost cxclusively to calculate the surface area of
zeolites, P/Po < 0.01 were not used. For larger pore adsorbents
the higher value than P/Po = 0.01 should be used in this program.
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Outputs are the surface area per unit mass of sample, the
monolayer volume, the slope and y-intercept of the line that
was used in the least squares approximation. A coefficient is
also printed which is the average percentage deviation of each
point from the least squares approximation. The points used
for the least squares method are also printed.

If the Langmuir equation is used to determinc the monolayer
volurae then the straight line is generated from it and the 'b-
value’ is included in the output. If the BET equation is used
then the ’c-value’ is included in the output. Output includes
the volume (STP) of adsorbent adsorbed at various pressurcs
and dimensional pressures (P/Po).

Variables
PO-------- the partial pressurc of nitrogen at the
temperature of the sample in the ccll
TM---e-e- the temperature of the dosing manifold
TC--ee-- the temperature of the cryogenic portion of the
cell
VCC------- the volume of the cell at cryogenic temperature
VCH------- the volume of the cell at ambient tempcrature

NAVAN2----the surface arca covercd by a mole of nitrogen
molecules, in m2
C-emmenee the c-value’ of the BET equation or the 'b-
valuec of the Langmuir equation
El---e---- the (E1-EL) of the BET equation, or thc hcat of
adsorption of the Langmuir cquation
R---eeenee Gas Constant, 1.9869 cal./gmol.K.
ASMPL-----surfacc arca of sample per unit mass
VMONO-----monolaycr volume
BETA1,BETA2,ALPHA1 ALPHA2----quantitics of the lcast
squarcs method

S-eemeee- it cocfficient, average percentage dcviation
from least squares approximation

G slope of linc gencrated by lcast squarcs method

B-------- y-intereept of the line gencrated by Icast
squarcs

N-coeeeue the numbcer of data points corrcsponding to the

number of points taken to dctermine the
adsorption/desorption isotherm

NO------- the number of points to be disregarded for the
lincar rcgression because they were taken at
too low of a pressure, scc 'the BET paper’.

NBET-----the cutoff of points to be considered for the
linear regression

ASKM.----—character work variables for asking questions to
the user
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Arrays
Pl------ -contains the initial pressures of the dosing
volume before it was opened to the sample
P2------ -contains the equilibrium pressures in the
dosing manifold and sample cell
PE-------contains the pressure in the sample cell
which is equal to P2 of the previous data
point
VADS-----contains the volume of adsorbent (STP) adsorbed
on the sample at each data point in cc./unit
mass
X,Y------contains the points to be used for the least
squares approximation
VM--eeeen the volume of the dosing manifold for each point
VMAYBE---work array used with VM

o000 0000000n

Variable declarations
REAL P1(60),P2(60),PE(60),VADS(60),X(60),Y(60)
REAL PO, TM,TC,VCC,VCH
INTEGER ILLN,NO
CHARACTER*1 ASKM

REAL BETA1,BETA2, ALPHA1, ALPHA2SM,B
INTEGER NBET

REAL NAVAN2,VM(60), VMAYBE(60)
REAL C,E1,R,ASMPL,MSMPL,VMONO

C Input data

5  PRINT *’Input PO,VCH,VCC'’
READ *, PO,VCH,VCC
WRITE(6,6)PO,VCH,VCC

6 FORMAT(2X,FS.1,", ",F6.3,", " F6.3)
PRINT *,’ Input TM and TC.'
READ *, TM,TC
WRITE(6,7)TM, TC

7 FORMAT(2X,F6.2,’, " F6.2)
PRINT *, ' Mass of sample?”’
READ *, MSMPL
WRITE(6,8)MSMPL

8 FORMAT(2X,F8.5)

C Initialize data
NAVAN2= 9.7556 *(10**4)
R= 1.9869

C

C Input data




PRINT *, 'No. of points?’

READ *, N
WRITE(6,9)N
9 FORMAT(2X,12)
C
PRINT *, ’ Use BET or Langmuir equation? ’
READ(S,70)ASKM
70 FORMAT(1X,Al1)
WRITE(6,21)ASKM
21 FORMAT(2X,A2)
C

PRINT *, ’ Input P1”s and P2"s, and VM.’
DO 10 I=1,N
READ *, P1(I),P2(I),VMAYBE(I)
IF(VMAYBE(I) .NE. 0.)THEN
VM(I)= VMAYBE(])
ELSE
VM) = VM(I-1)
ENDIF
10 CONTINUE
C
(" Calculatc mass balance
PE(1)= 0.
VADS(1)= (273.15/760.)*( VM(1)/TM*(P1(1)-P2(1)) +
# (VCC/TC+VCH/TM)*(PE(1)-P2(1)) YMSMPL
C
DO 20 I=2,N
PE(I)= P2(I-1)
VADS(I)= VADS(I-1) + (273.15/760.)*( VM(I)/TM*
# (P1(I)-P2(I)) + (VCC/TC+VCH/TM)*(PE(I)-P2(I)) )/MSMPL
20 CONTINUE
C
C Scnd data from mass balance to be put in the particular
C  cquation to get points for lecast squarcs approximation
IF( ASKM .EQ. 'L’ )THEN
CALL LANGMU(VADS.P2,N.X.Y)
ELSE
CALL BET(VADS,P2,PO.N,NO.X,Y)
ENDIF

DO 40 I=1,N
WRITE(6,41) P1(I),P2(I),VADS(I).X(1),Y(I)
41 FORMAT(2X,F8.2,2X,F8.2,2X,F8.3,2X,F7.4,2X F12.8)
40 CONTINUE
C
C Perform lincar regression using the least squares method
PRINT *, ' How many points for the BET? ’
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READ *, NBET
WRITE(6,42)NBET
42 FORMAT(1X,I2)
IF( NBET .LE. (NO+2))THEN
PRINT *’ ERROR!, More points are needed for the’,
# > linear regression.’
STOP
ENDIF
WRITE(6,9)

BETAl= 0.

BETA2= 0.

ALPHA1= 0.

ALPHA2= 0.

DO 60 I= NO+1, NBET
BETA1= BETAl + X(I)*Y(I)
BETA2= BETA2 + (X(I)**2)
ALPHAL= ALPHAI + X(I)
ALPHA2= ALPHA2 + Y(I)

o) CONTINUE

B= (ALPHA2- ALPHA1*(BETAI/BETA2))/( REAL(NBET) -
#  (ALPHAI1**2)/BETA2 )
M= (BETA1-B*ALPHAI1)/BETA2
C
S=0.
DO 61 I= NO+1, NBET
S=S + ( ((Y(I) - (M*X(I) + B))**2)**0.5 )/
# (M*X(I)+B)
61 CONTINUE
S= 100.*S/REAL(NBET-NO)
C
C Calculate monolayer volume, hcat of adsorption, and surface
C arca
IF(ASKM .EQ. 'L")THEN
VMONO= I.M
C= 1./(VMONO*B)
El= 0.
ELSE
VMONO= 1./(M+B)
C= (M+B)B
IF( C .LE. 0. )THEN
PRINT °*, ' ERROR! Intercept is less than zero.”
Ei= -1
GO TO 63
ENDIF
El= R*TC*ALOG(C)




63 ENDIF
ASMPL= VMONO*NAVAN2/22400.
IF( ASKM .EQ. 'L’ ) THEN
VMONO= 1.M
C= (M+B)B
IF( C .LE. 0. )THEN
PRINT *;’ ERROR! Intercept is Icss than zcro. ’
GO TO 64
ENDIF
El= R*TC*ALOG(C)
64 ENDIF
ASMPL= VMONO*NAVAN2/22400.
C Print results
WRITE(6,65)ASMPL,VMONO
65 FORMAT(2X,”ASMPL = ' F7.2,2X,’"Monolayer volume cc.,(STP)=',
# F1.2)
WRITE(6,67)C.El
67 FORMAT(2X,'C= "F8.2.2X,’E1-EL= "F8.2)
WRITE(6,68)M,B,S
3 FORMAT(6X, Linear Equation from Least Squares’,
# ' Approximation’/,2X,’'y = ", 1PE11.4,’x + ", 1PE11.4,/,
# 2X,'S= ",G104, %)
STOP
END

OO0

SUBROUTINE LANGMU(VADS,P,N.X,Y)
REAL VADS(60),P(60),X(60),Y(60)
INTEGER INLANG

PRINT ¢, ’ No. of points for the Langmuir cqn.”’
READ *, NLANG

DO 10 I=1,NLANG
Y(I)= P(I)/VADS(I)
X(N)= P(I)

10 CONTINUE

PRINT *; P1 P2 VADS P,

#' PV

PRINT *, '

DO 20 1=2,NLANG
DELTA= (Y(I)-Y(I-1))/(X(I)-X(I-1))
PRINT *, DELTA
20 CONTINUE
RETURN




END

C

C

C
SUBROUTINE BET(VADS,P,PO,N,NO,X,Y)
REAL VADS(60), P(60), X(60), Y(60), PO
INTEGER I,N,NO

C
NO= 1
DO 10 I=1,N

X(I)= P(I)/PO
IF( X(I).LE. 0.001 YTHEN
NO=1
ENDIF
Y(I)= P(I)[( VADS(I)*(PO-P(1)) )
10 CONTINUE
PRINT *,' PI P2 VADS
# ' P/V(PO-P)
PRINT *,° '

»
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Table G-2
Sample Input for BET1

This table contains a sample input for Fortran program BET1. Since the program is free
formatted it does not require that the data be input in a specific format.

The first line of data contains the vapor pressure of nitrogen at the temperature of the
sample, the volume of the sample ccll at ambicnt temperature and the volume of the sample cell
at liquid nitrogen temperatures. The volumes must be input in units of cubic centimeters. The
tcrms in the second line arc the ambicnt temperature and the temperature of the cryogenic bath,
both must be in degrees Kelvin. The third line is the mass of the sample in grams. The fourth
linc 1s the number of sets of data points for which thc mass balance is to be calculated. The fifth
hne tells the computer that the BET (A) equation is to be usc;i to calculate the surface arca. The
other choice is 'L’ which tells the computer to use the Langmuir cquation to calculate the surface
arca. The following lines each contain three data points. The first data point is the initial
pressure in the dosing manifold before the dosing volume and the sample cell were allowed to
come to cquilibrium. The sccond data point is the pressure in the dosing volume after the dosing
volume and the sample ccell pressure had come to cquilibrium. The [final point is the volume of
the dosing volume if the dosing volume is different than in the taking of the previous data point,
if not, the third data point is zcro. The very last point tells the program how many points are to
be usced for calculating the BET surface arca.  BET1 automatically eliminates points taken at

pressurcs less than p/p,, < 0.01. then it doces the lincar regression up to the nth data point taken.

Where n is the integer specified in the last data point.




655.8,2.512,4.981
299.6,76.1
.06045
42
B
410.6,0.06,9.57
31.5,0.12,0.
33.9,1.,0.
37.5,5.2,0.
9.2,5.9,0.
23.3,9.1,0.
35.7,14.5,0.
38.5,19.7,0.
54.7,271.7,0.
70.,37.6,0.
80.4,47.7,0.
112.7,63.4,0.
154..86.2,0.
284.5.138.5.0.
323.5.189.1,0.
365.7,.238.2,0.
374.7.276.2,0.
455.6,326.3,0.
518.5,379.1,0.
516.4,415.8,0.
605.3,465.3,0.
658.1,512.9,0.
589.5,563.1,60.84
652.3,621.5,0.
706.3.540.0,9.57
677.9,646.8,0.
672.8,650.4,0.
685.5,651.9,0.
684.4,654.,0.
717.2,655.3.0.
721.2,655.7,0.
510.2,650.1,0.
490.0,628.4,0.
269.1,530.7,0.
344.5,477.3,0.
243.4,4104,0.
199.7,350.6,0.
137.1,304.9,0.
63.1,264.6,0.
112.9,157.5,60.84
1.5,115.6,9.57
22.2,91.3,0.
9
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Table G-3
Sample Output from BET1
This table contains a sample output from BET1. The output is clearly explained except the
very last term, 'S’, which is the average pcrcentage deviation of all the points used in the linear
regression from the value predicted bascd on the slope and y-intercept of the least squares fit of

those points.
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Input PO,VCH,VCC.
6558, 2.512, 4.981
Input TM and TC.

299.60, 76.10
Mass of sample?
0.06045
No. of points?
42
Use BET or Langmuir equation?
B
Input P1’s and P2’s, and VM (manifold volume).
P1 P2 VADS P/PO P/V(PO-)
410.60 0.06 77.942 0.0001 0.00000117
31.50 0.12 83.875 0.0002 0.00000218
33.90 1.00 89.737 0.0015 0.00001702
37.50 5.20 94.027 0.0079 0.00008500
9.20 5.90 94.347 0.0090 0.00009622
23.30 9.10 95.639 0.0139 0.00014713
35.70 14.50 97.294 0.0221 0.00023239
38.50 19.70 98.582 0.0300 0.00031415
54.70 27.70 100.198 0.0422 0.00044014
70.00 37.60 102.005 0.0573 0.00059626
80.40 47.70 103.781 0.0727 0.00075583
112.70 63.40 106.251 0.0967 0.00100725
154.00 86.20 109.118 0.1314 0.00138688
284.50 138.50 113.886 0.2112 0.00235091
323.50 189.10 117.197 0.2884 0.00345730
365.70 238.20 119.856 0.3632 0.00475905
374.70 276.20 121.881 0.4212 0.00596984
455.60 326.30 124.443 0.4976 0.00795779
518.50 379.10 127.737 0.5781 0.01072572
516.40 415.80 130.731 0.6340 0.01325236
605.30 465.30 135.589 0.7095 0.01801416
658.10 512.90 142.268 0.7821 0.02522861
589.50 563.10 152.104 0.8586 0.039935%4
652.30 621.50 163.653 0.9477 0.11071908
706.30 640.00 168.123 0.9759 0.24093276
677.90 646.80 171.044 0.9863 0.42016417
672.80 650.40 173.718 0.9918 0.69333816
685.50 651.90 179.441 0.9941 0.93153632
684.40 654.00 184.292 0.9973 1.97152102
717.20 655.30 195.477 0.9992 6.70461702
721.20 655.70 207.741 0.9998 31.57103160
510.20 650.10 183.630 0.9913 0.62109768
490.00 628.40 166.872 0.9582 0.13743640
269.10 530.70 160.081 0.8092 0.02650034

414




344.50
243.40
199.70
137.10
63.10
112.90
1.50
22.20

How many points for the BET?
9

47730
410.40
350.60
304.90
264.60
157.50
115.60

91.30

158.303
155.957
153.551
141.746
121.170
114.339
111.064
108.608

0.7278
0.6258
0.5346
0.4649
0.4035
0.2402
0.1763
0.1392

ASMPL= 418.07 Monolayer volume cc.,(STP)= 95.99

C= 7677.11 E1-EL= 1352.66

Linear Equation from Least Squarcs Approximation

y
S= 0.7458

= 1.0416E-02x + 1.3569E-06
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0.01072330
0.00748125
0.00613005
0.00558209
0.00276437
0.00192678
0.00148917




C. Program for the Prediction of Adsorption Isotherms

Because of the narrow pores of ZSM-5 zeolite the BET(A) equation can only predict the
amount of nitrogen adsorbed on the zeolite at dimensionless pressures p/p, < 0.1. The BET(B)
equation relieves the infinite pore diameter assumption used in the derivation of BET(A) equation.
The BET(D) cquation rclicves the homogenous pore diameter assumption. used in derivation of
the BET(B) equation. Conscquently a Fortran language program was written to predict the
adsorption of nitrogen (or any other adsorptive) on a adsorbent whose pore properties are known
or estimated. This program was uscd to f{ind the right combination of pore properties which would
permit an cstimation of the adsorption ol mitrogen on ZSM-S zeolite. The derivation of the

various BET cquations are found in Appendix A.
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Table G4

Program Listing for BETD

Program Listing for BETD

Program to predict nitrogen adsorption data based on a
special form of the BET (D) equation (bclow). The BET(D)
equation is found in the original papcer by Brunauer, Emmett
and Teller. That cquation has beecn modified here to allow ¢
to vary according to porc size. For porcs larger than 10-20
angstroms the heat of adsorption of adsorbatc which appcars
in c is fairly constant. While for micropores (less than
10-20 angstroms) the apparent heat of adsorption is higher.

Since this program was written mainly for estimating the
adsorption isotherms of zcolites which are microporous the
above madification of the BET (D) cquation was necessary.

For cach adsorbent, vm, the monolayer volume, nceds to be
input.

The adsorption isotherm for an adsorbent with as many as
five different pore sizes can be estimated here. For each
type of pore the heat of adsorption (E1-EL) nceds to be
input. In addition the fraction of thc total surface area in
thosc pores nceds to be input. The size of cach pore is input
as n which is thc number of monolayers of adsorbent which can
be adsorbed in that pore. n can be any rcal number.

The amount of adsorption adsorbate is caiculated for p/po
from zero to (1-0.2delx) where delx is the increment by which
p/po is increascd along the curve of vadsorbed vs. p/po. delx
is also an input variable.

The output data arc the points of the adsorption curve,
vadsorbed vs. p/po.

Variables
VM monolayer volume
R idcal gas constant
T temperature of adsorbent, is sct cqual to 76.1 K

in this program. It can be changed for other
adsorbents than nitrogen

X dimensionless pressure, p/po

VADS the volume of adsorbent adsorbed at a given

dimensionless pressure x. VADS is in the same units

as VM

do variable

K number of diffcrent pore types in the adsorbent,
must not excced five

p—

Arrays
C contains the BET equation 'c-values' for each pore

type

417




C BET  the B-values in the BET(D) equation, that is, the
C fraction of the total adsorbent surface that is
C contained in the pores of a certain type
C N the number of monolayers that can be formed in a
C pore of a certain size
C El the heat of adsorption of the first monolayer of
C adsorbate minus the heat of condensation of liquid
C adsorbate for each pore size. The values in the
C array C are calculated from this value. BETD allows
C this value to be different for different pore
C sizes. E1 is to be in cal./gmole.
C
C
C
REAL VM,C(5),BET(5).N(5),E1(5).R, T.VADS.X
INTEGER LK
C
R= 1.9869
T= 76.1
| WRITE(6,20)

2)  FORMAT(2X, ' Input number of types of pores and Vm.')
READ(5,*)K, VM
IF( K .GT. 5 )THEN
PRINT *, ERROR! K cannot be greater than 5.’
GOTO1
ENDIF
WRITE(6,2) K,VM
2 FORMAT(2X,12,2X,F7.2)
C
DO 31I=1K
WRITE(6,21)I
21 FORMAT(2X./, * Input BETA and N for porc type ',I1)
READ(S,*)BET(I),N(I)
WRITE(6,4)BET(I),N(I)
4 FORMAT(2X,F5.3,2X,F6.2)
3 CONTINUE
C
DO 5 I=1K
WRITE(6.22)1
22 FORMAT(2X./," Input E1-EL for porc type ',I1)
READ(S,*)EI(I)
WRITE(6,6)E1(I)
6 FORMAT(2X,F5.0)
C(I)= EXP( EI(I)/(R*T) )
5 CONTINUE
C
WRITE(6,23)
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23

24

10

FORMAT(2X//, * Input delta p/po.’)
READ(5,*)DELX
WRITE(6,24)DELX

FORMAT(2X,F7.3)

WRITE(6,25)
FORMAT(1’, )y

#

2X,’p/po’,6X,'Vads',)

X=0.
VADS= (.
DO 10 I=1,K

#
#
#

VADS= VADS + BET(I)*C(I)*X/(1.-X) *
(1. - (N(D+1)*(X**N(I)) +
ND)*(X**(N(1)+1.)) ¥/

(1. + (C(D)-1.)*X - CH*(X**(N(DH+1.)))

CONTINUE

VADS= VM*VADS

IF(X .EQ. 0)THEN

WRITE(6,13)X,VADS
FORMAT( +',1X,F6.4,’ F7.2,")

ELSE

WRITE(6,12)X,VADS
FORMAT(2X,F6.4,"" F7.2,")

ENDIF
X=X + DELX
IF( (X .GE. 1.) .AND. (Z .NE. 1.) )THEN

Z= 1.
X= X - 0.2*DELX

ENDIF

IF(X .GE. 1)STOP
GO TO 9

END
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Table G-5
Sample Input for BETD

This table contains a sample input for the Fortran program BETD, which estimates the
amount of adsorptive that is adsorbed on a material, where adsorption on that material can be
described by the BET(D) cquation.

The first line contains the number of diffcrent pore diamcters in the adsorbent and the
monolayer volume of adsorptive on the sample, in cm3.(STP)/g. The next three data points
contain the fraction of surface area contained. in cach pore type and the number of monolayers
that can be formed in cach type of pore. Specifying the number of monolayers that can be
lormed in cach type of pore is equivalent to specifying the diameter of pore type.

The next three lines are the differential heats of adsorption of adsorptive in each pore type.
The last line states the increments for which data points arc to be calculated in terms of

dimensionless pressure, p/p,.
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3,100.
0.47,1.2
0.50,1.95
0.03,30.
1500.
900.

800.

0.02
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Table G-6

Sample Qutput from BETD
This table contains the output generated by BETD. It is obvious what each term represents.

The volume adsorbed is in cm3 (STP)/g of adsorbent.

Input number of types of pores and Vm.
3 100.00

Input BETA and N for pore type 1
0470 1.20

Input BETA and N for pore type 2
0.500 1.95

Input BETA and N for porc type 3
0.030  30.00

Input E1-EL for pore type 1
1500,

Input E1-EL for pore type 2
).

Input E1-EL for pore type 3
800.

Input delta p/po.
0.020
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p/po

0.0000,
0.0200,
0.0400,
0.0600,
0.0800,
0.1000,
0.1200,
0.1400,
0.1600,
0.1800,
0.2000,
0.2200,
0.2400,
0.2600,
0.2800,
0.3000,
0.3200),
0.3400,
0.3600,
0.3800,
0.4000,
0.4200,
0.4400,
0.4600,
0.4800,
0.5000,
0.5200,
0.5400,
0.5600,
0.5800,
0.6000,
0.6200,
0.6400,
0.6600,
0.6800,
0.7000,
0.7200,
0.7400,
0.7600,
0.7800,
0.8000,
0.8200,
0.8400,
0.8600,
0.8800,
0.9000,

Vads
0.00,
94.99,
99.32,
101.64,
103.35,
104.78,
106.0S,
107.22,
108.31,
109.33,
110.31,
111.25,
112.15,
113.02,
113.86,
114.69,
115.49,
116.27,
117.04,
117.80,
118.55,
119.29,
120.02,
120.75,
121.48,
122.22,
122.95,
123.70,
124.46,
125.23,
126.02,
126.84,
127.69,
128.58,
129.53,
130.53,
131.62,
132.80,
134.11,
135.56,
137.21,
139.08,
141.24,
143.74,
146.62,
149.92,
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0.9200, 153.67,
0.9400, 157.83,
0.9600, 162.33,
0.9800, 167.05,
0.9960, 172.59,
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APPENDIX H

DATA BASE MANAGEMENT SYSTEM FOR TIIE SURVEYED LITERATURE
FROM TIHE HIGH DENSITY AVIATION FUEL PROJECT
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The LITERATURE DATABASE FILES are created to match the needs of the research
project for which the literature survey is to be complied. Then, each pertinent literature
citation/reference can be stored as a record in the relative data files by utilizing the DATA
TRANSITION function. The data transition proccss includes three independent modes: record
addition, record editing, and rccord deletion. The MAINTENANCE routine is performed after
each batch of citations has been transmitted, to confirm that no duplicated entries exist and to
insure that the format of the input record is correct. Any error found in the records should be
corrected by the use of thc DATA TRANSITION routine. The litcrature in the database files can
be scarched and retricved by using the author’s name, journal name, year, or index as a search
paramcter in the SEARCHING routine. Multiple parameter searching is also included.

The structures of the related database files and the programs for the database management
arc alrcady created and stored on the disk. The performance of the data (rccord) transition
routinc is supported by the general dBASE III softwarc commands. The pcrf;)rmancc of searching

and maintenance is supported by the ‘SM’ program.
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10 >

11 >

12 >

13 >

Start Procedure

Insert the system disk in disk drive A.

Turn on power.

Type the datc and time; wait [or the A> prompt.
Insert dBASE III disk in drive A.

Type dBASE —! ( —! means hit the return key).

Wait until . prompt appears (The . prompt mcans the computer is under control of
the dBASE III system.

Major Commands
USE: open file.
LIST: list all the files on the screen.
DISPLAY: list the file or parts of the files on the screen.
BROWSE: list the file and each rccord in onc line.
COPY: duplicatc **~ structurc or file to other file.
APPEND: add the record at the end of file.
EDIT: correct the cxisting record.
DELETE: tcmporarily delete the record.
PACK: permancently delete the record.
GOTO: point to the desired record.
SKIP: point to the next rccord.
DO: execute the program.

QUIT: return to DOS.
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EXAMPLE:

USE TT
. LIST
Record# AUTHORI1 AUTHOR2 - AUTHOR3 AUTHOR4
AUTHORS
AUTHORG6 JOURNAL VOL
YEAR INDEX1 INDEX2 INDEX3
INDEX4 INDEXS TITLE
1 Hanson, F.V.  Bensen, J.E.
J. Catal. 31, 471
73 Pump Gas Circulation

An Inexpensive Noncontaminat
ing Gas Recirculation Pump

2 Hanson, F.V.  Boudart, M.
J. Catal. 53, 56
78 Pt Hydrogen Oxygen
The Rcaction Between Hydroge
n and Oxygen over Supported Platinum Catalysts

3 Hanson, F.V. Miller, J.D. Oblad, AG.
U.S. Pat. 4,3337,14
3 82 Tar Sand

Process for Obtaining Produc
ts from Tar Sand

4

J. Catal. 53, 56
78
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. DISPLAY ALL

Record# AUTHORI1 AUTHOR2 AUTHOR3 AUTHOR4
AUTHORS
AUTHORG6 JOURNAL VOL
YEAR INDEX1 INDEX2 INDEX3
INDEX4 INDEXS TITLE
1 - Hanson, F.V. Bensecn, J.E.
J. Catal. 31, 471
73 Pump Gas Circulation

An Incxpensive Noncontaminat
ing Gas Recirculation Pump

2 Hanson, F.V.  Boudart, M.
J. Catal. 53, 56
78 Pt Hydrogen Oxygen
The Rcaction Between Hydroge
n and Oxygen over Supported Platinum Catalysts

3 Hanson, F.V. Miller, J.D. Oblad, A.G.
U.S. Pat. 4,3337,14
3 82 Tar Sand

Process for Obtaining Produc
ts from Tar Sand

Record# AUTHORI1 AUTHOR?2 AUTHOR3 AUTHOR(4
AUTHORS
AUTHORG6 JOURNAL VOL
YEAR INDEX!1 INDEX2 INDEX3
INDEX4 INDEXS TITLE
4
J. Catal. 53, 56
78
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. BROWSE

Record No. 2 TT

AUTHOR1----—- AUTHOR2-------- AUTHOR3-------- AUTHOR4--------
Hanson, F.V. Bensen, J.E.

Hanson, F.V. Boudart, M.

Hanson, F.V. Miller, J.D. Oblad, A.G.

Record No. 2 1T
AUTHORS-------- AUTHORG6----------=---- JOURNAL-----eeeemeecneana
J. Catal.
J. Catal.
U.S. Pat.
J. Catal.
Record No. 2 TT
L0 SEER— YEAR INDEXl-ccceceeceaeeea- INDEX2---eememannen--
3. 471 73  Pump Gas Circulation
53, 56 78 Pt Hydrogen
4.3337,143 82 Tar Sand
53, 56 78

After the BROWSE command, each record appears on the screen at onc line.  The right-

side ficlds of the rccords can be seen by hitting the Control » keys. Scrcen editing can be done

in thc BROWSE modc; hit Control-End when complete.
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Function Keys

The function keys at the left side of the keyboard can execute the special functions. They
can be redefined by using some commands. (For dctails, see the dBASE III manual).

The function keys arc defined as follows:

Function key F1: help

Function key F2: assist

Function key F3: list

Function key F4: dir

Function key FS: display structurc
Function key F6: display status
Function key F7: display memory
Function key F8: display
Function key F9: append

Function key F10:  cdit
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Data File Structure
The data file structures of the following are used for the surveyed literatures.

TT.DBF: database files of the surveyed literatures for practice purpose.

Structure for databasc : C:TT.dbf

Number of data records : 4

Date of last update : 01/01/80

Field Field name Typc Width Dec
1 AUTHOR1 Character 15
2 AUTHOR2 Character 15
3 AUTHOR3 Character 15
4 AUTHOR4 Character 15
5 AUTHORS Character 25
6 AUTHORG6 Character 25
7 JOURNAL Character 25
8 VOL Character 30
9 YEAR Character 2
10 INDEX1 Character 20
11 INDEX2 Character 20
12 INDEX3 Character 20
13 INDEX4 Character 20
14 INDEXS Character 20
15 TITLE Character 120

** Total ** 388

STDJOUR.DBF: database filc for the standard journal name.

Structurc for database : C:STDJOUR.dbf
Number of data records : 3

Date of last updatc : 01/01/80
Field Ficld name  Type Width Dec
1 VJOUR Character 25
** Total ** 26
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Create Data File Structure
1 > Use the CREATE command to create the desired file. (For details, see the dBASE
III manual.)
2 > Use the COPY command to creatc the file structure from the existing files.
Example: |
XXX.DBF: existing file
YYY.DBF: created file
.USE XXX -

.COPY STRUCTURE TO YYY.DBF -

Then, YYY.DBF has the same structure as the XXX.DBF.
or
.USE XXX -

.COPY TO YYY.DBF -

Then YYY.DBF has the same structurc and the same data as the XXX.DBF.
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Data Transition

Make sure the database file is in ‘USE’ before data transition.

1 > Add Rccord:

APPEND

Record No. 5
AUTHORI1
AUTHOR?2
AUTHOR3
AUTHOR4
AUTHORS
AUTHORG
JOURNAL
VOL
YEAR
INDEX]1
INDEX2
INDEX3
INDEX4
INDEXS
TITLE

The rccord appended at the current file appears on the screen.  Input the data and hit
Control-End when complcte.
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2 > Edit Record:

. EDIT 1

Record No. 1

AUTHOR1 Hanson, F. V.
AUTHOR2 Benscn, J. E.
AUTHOR3

AUTHOR4

AUTHORS

AUTHORG6

JOURNAL J. Catal

VOL 31, 47

YEAR 73

INDEXI Pump
INDEX2 Gas Circulation
INDEX3

INDEX4

INDEXS

TITLE An Inexpensive Noncontaminating Gas Recirculation Pump

The edited record appears on the screen. Correct the errors and hit Control-End when

complcte.

Scrcen cditing can also be done if scveral records having crrors are found. For details, see

the cxample of the BROWSE command in thc "Major Commands” scction.
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3 > Deleted Record:

Use the following commands:

GOTOn -

DELETE -

The record of record number ‘n’ is temporarily deleted from the file. The deleted record

can be recalled. (For details, sce the dBASE III manual.)

Use the commands

GOTO n -
DELETE -
PACK -
The record of record number ‘n’ is permanently delcted from the file.

You can use cither the ‘LIST or the ‘DISPLAY ALL' command to list the current file in

order to confirm that the record has been deleted.
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Data Searching and Maintenance

The searching and maintenance functions are executed with the ‘SM’ program as explained

in the following figures.
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An example performance of the ‘SM’ program is listed as follows.
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DO SM

Jededededededede de e dede gt de e de e dedededede e e e e ek ok e e e de ek e ok e e e e
* *
* THIS IS A SEARCHING AND MAINTENANCE PROGRAM FOR THE *
*LITERATURE SURVEY, FINISHED UNDER THE AIR FORCE PROJECT. *

NOVEMBER, 1985
FUELS ENGINEERING DEPT.
UNIVERSITY OF UTAH

* Contract No. F33615-85-C-2567 *
* *
* AUTHOR, JOURNAL NAME, YEAR, AND INDEX CAN BE USED AS *
* THE SEARCHING PARAMETERS; THE COMBINED SEARCHING ALSO  *
* CAN BE SELECTED. *
* *
*  THIS PROGRAM IS USED UNDER THE DBASE III SOFTWARE. *
* *
* THE PROGRAM IS WRITTEN BY KIEN-RU CHEN *
- %
*
*
*

* % % *

e Je i de e de Yo Je Je e Je e I e % e Je e Je e e e e de e v e I e v e de v o v o v de v e e e e e e e o e e I e v o v e ke e o e o de e de ok

Press any key to continue.
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INPUT THE FILE NAME INCLUDING THE EXTENSION(.DBF) TT.DBF

Jedede e e de dede dede ok e e e e e MAIN MENU Fe de de e de Je e e e Ao e e de de e e e

1> AUTHOR 4> INDEX
2> JOURNAL 5> MULTIPLE
3> YEAR 6> MAINTENANCE

* % % % % % *

*
*
*
*
* type Q to quit
*

RhRkhhhbhhhhhhhhhhddddiddiiididdkddikdiddkddiil

INPUT THE SELECTION:




detedededededededededehdede i MAIN MENU kddededdedrdefddiiid i

1> AUTHOR 4> INDEX
2> JOURNAL 5> MULTIPLE
3> YEAR 6> MAINTENANCE

* % % % ¥ % »
* % % % * % %

type Q to quit

o Je ¢ I e Je Je de v e e S do e e s de de de de de Je de de de dr de A e e vk I e de e de e & ke ke ke de ke ok

INPUT THE SELECTION: 1
INPUT THE AUTHOR NAME: Hanson, F.V.

SEARCHING PARAMETER: Hanson, F.V.

Record# AUTHOR1 AUTHOR2 AUTHOR3 AUTHOR4 AUTHORS
AUTHOR6 JOURNAL VoL
YEAR INDEX1 INDEX2 INDEX3
INDEX4 INDEXS TITLE
1 Hanson, F.V. Bensen, J.E.
J. Catal. 31, 471
73  Pump Gas Circulation

An Inexpensive Noncontaminat
ing Gas Recirculation Pump

2 Hanson, F.V. Boudart, M.

J. Catal. 53, 56
78 Pt Hydrogen Oxygen

The Reaction Between Hydroge
n and Oxygen over Supported Platinum Catalysts

3 Hanson, F.V. Miller, J.D. Oblad, A.G.

U.S. Pat. 4,3337,14
3 82 Tar Sand

Process for Obtaining Produc
ts from Tar Sand

AUTHOR SEARCHING COMPLETE !

Press any key to continue...
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fededededededede ke ke k& ke ke ke ko MAIN MENU dhkkkkkkhhkhhkdihik

1> AUTHOR 4> INDEX
2> JOURNAL 5> MULTIPLE
3> YEAR 6> MAINTENANCE

type Q to quit

* % % % % ¥ %
* % % % % * %

e Je e Fe Je e e I e e e e o e de e e v e de e e e e v v e e v e ok e v e o de e de e e de sk ke

INPUT THE SELECTION: 2
INPUT THE JOURNAL NAME: J. Catal.

SEARCHING PARAMETER: J. Catal.

Record# AUTHOR1 AUTHOR2 AUTHOR3 AUTHOR4 AUTHORS
AUTHOR6 JOURNAL VoL
YEAR INDEX1 INDEX2 INDEX3
INDEX4 INDEX5 TITLE
1 Hanson, F.V. Bensen, J.E.
J. Catal. 31, 471
73  Pump Gas Circulation

An Inexpensive Noncontaminat
ing Gas Recirculation Pump

2 Hanson, F.V. Boudart, M.

J. Catal. 53, 56
78 Pt Hydrogen Oxygen
The Reaction Between Hydroge

n and Oxygen over Supported Platinum Catalysts
3

J. Catal. 53, 56
78

JOURNAL NAME SEARCHING COMPLETE !

Press any key to continue...
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s Je s e Je Je de de Je e de e e Ko de e ke MAIN MENU Je de de Je e e Je de d de e de e e dede e e

1> AUTHOR 4> INDEX
2> JOURNAL 5> MULTIPLE
3> YEAR 6> MAINTENANCE

type Q to quit

* % % % * ¥ %
* % % * % % %

Fe Je Je de Je A e e Je e e e I e e Fe I Ik v J e e de de Ik e de e e I e e e e e vk e de e e e Kok ke e

INPUT THE SELECTION: 3

dokdedk fedededededdedede ek YEAR SEARCHING MENU % e e Je de e de e o de de de dode e de e

1> EQUAL THE INPUT YEAR

2> BEFORE THE INPUT YEAR (INCLUDING THE YEAR)
3> AFTER THE INPUT YEAR (INCLUDING THE YEAR)
INPUT THE SELECTION: 1

INPUT THE YEAR: 78

TYPE SELECTION (1 =, 2 <=, 3 >=): 1

SEARCHING PARAMETER: 78
Record# AUTHOR1 AUTHOR2 AUTHOR3 AUTHOR4 AUTHORS
AUTHOR®G JOURNAL VoL
YEAR INDEX1 INDEX2 INDEX3
INDEX4 INDEX5 TITLE
1 Hanson, F.V. Boudart, M.
J. Catal. 53, 56
78 Pt Hydrogen Oxygen

The Reaction Between Hydroge
n and Oxygen over Supported Platinum Catalysts

2

J. Catal. 53, 56
78

YEAR SEARCHING COMPLETE !

Press any key to continue...
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e e de de de de dede e dededede e e e ok MAIN MENU dededede i deode de s dede dede de e e e e

1> AUTHOR
2> JOURNAL
3> YEAR

type Q to quit

% % % % % ¥ ¥

e e e Je e e e e e e e o de e e e e e Je e e de de e dede de

INPUT THE SELECTION:
INPUT THE INDEX NAME:

4
Tar Sand

SEARCHING PARAMETER: Tar Sand

Record# AUTHOR1 AUTHOR2
AUTHOR6

YEAR INDEX1
INDEX4
Hanson, F.V. Miller, J.D.

3 82 Tar Sand

ts from Tar Sand

INDEX SEARCHING COMPLETE !

Press any key to continue...

INDEXS

*
4> INDEX *
5> MULTIPLE *
6> MAINTENANCE *
*
*
*
Jedededededededede e deded ek de e
AUTHOR3 AUTHOR4 AUTHORS
JOURNAL VoL
INDEX2 INDEX3
TITLE
Oblad, A.G.
U.S. Pat. 4,3337,14

Process for Obtaining Produc




e de de e Je Jo Je Je de de e Je de o dede e MAIN MENU Je e v e e de Je de Je e K Jo o de e dedede

1> AUTHOR 4> INDEX
2> JOURNAL 5> MULTIPLE
3> YEAR 6> MAINTENANCE

* % % ¥ ¥ ¥ *
* % % ¥ ¥ ¥ ¥

type Q to quit

e e e Jo e Je Je Je Je Je Fe Fe e e e e e de Je de Je e de do de de Je v Je e e e e o ok e e v de de e de ke ke ok

INPUT THE SELECTION: 5

e e Je e & do ke ke e Aok MULTIPLE SEARCHING MENU e e J Je et I Je de I v e ke

1> AUTHOR 4> INDEX
2> JOURNAL 5> RETURN TO MAIN MENU
3> YEAR

INPUT THE SELECTION
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Jode Je de de de e de e e Kok MULTIPLE SEARCHING MENU dededddedded dekkdkk

1> AUTHOR 4> INDEX
2> JOURNAL 5> RETURN TO MAIN MENU
3> YEAR

INPUT THE SELECTION 1

INPUT THE AUTHOR NAME: Hanson, F.V.

SEARCHING PARAMETER: Hanson, F.V.

Record# AUTHOR1 AUTHOR?2 AUTHOR? AUTHOR4 AUTHORS
AUTHOR®6 JO. INAL VOL
YEAR INDEX1 [NDEX2 INDEX3
INDEX4 INDEXS TITLE
1 Hanson, F.V. Bensen, J.E.
J. Catal. 31, 471
73 Pump Gas Circulation

An Inexpensive Noncontaminat
ing Gas Recirculation Pump

2 Hanson, F.V. Boudart, M.
J. Catal. 53, 56

78 Pt Hydrogen Oxygen
The Reaction Between Hydroge

n and Oxygen over Supported Platinum Catalysts

3 Hanson, F.V. Miller, J.D. Oblad, A.G.
U.S. Pat. 4,3337,14

3 82 Tar Sand
Process for Obtaining Produc

ts from Tar Sand

AUTHOR SEARCHING COMPLETE !

Press any key to continue...




Rekedede ek dededeokdek MULTIPLE SEARCHING MENU dodedodede de dededededede ke

1> AUTHOR 4> INDEX
2> JOURNAL 5> RETURN TO MAIN MENU
3> YEAR
INPUT THE SELECTION 4
INPUT THE INDEX NAME: Tar Sand
SEARCHING PARAMETER: Tar Sand
Record# AUTHOR1 AUTHOR2 AUTHOR3 AUTHOR4 AUTHORS
AUTHORG6 JOURNAL VoL
YEAR INDEX1 INDEX2 INDEX3
INDEX4 INDEXS TITLE
1 Hanson, F.V. Miller, J.D. Oblad, A.G.
U.S. Pat. 4,3337,14
B 82 Tar Sand

t. from Tar Sand

INDEX SEARCHING COMPLETE !

Press any key to continue...
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Jede de Je Je Je de de e e de de e & dede ke MAIN MENU Jede e de e e e de e de de d de e de e de ke

1> AUTHOR 4> INDEX
2> JOURNAL 5> MULTIPLE
3> YEAR 6> MAINTENANCE

* % % % * % %
* % % % ¥ % %

type Q to quit

e v Je e e v Je 3 T e e e e e e A de ke dke e v de e de de v I T sk e e e v e e e ke de v de e K e ke ok ke

INPUT THE SELECTION: 6

(222222222822 MAINTENANCE MENU ot e Je Je S ¥ e Y e e Je o e
1> DUPLICATE CHECK
2> VERIFY
3> RETURN TO MAIN MENU

INPUT THE SELECTION




wecord#

ddkkhnhhhhrr MAINTENANCE MENU *ddhoidihsksn
1> DUPLICATE CHECK
2> VERIFY
3> RETURN TO MAIN MENU

INPUT THE SELECTION : 1

THE FOLLOWING TWO RECORDS ARE DUPLICATED

RECORD NO. = 4
RECORD NO. = 2
AUTHOR1 AUTHOR2 AUTHOR3 AUTHOR4
AUTHOR6 JOURNAL
YEAR INDEX1 INDEX2
INDEX4 INDEXS TITLE
J. Catal.
78

DUPLICATE CHECKING COMPLETE !

Press any key to continue...
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kkkxkkkksrrr MAINTENANCE MENU *ddodkiodiinni
1> DUPLICATE CHECK
2> VERIFY
3> RETURN TO MAIN MENU

INPUT THE SELECTION : 2

JOURNAL NAME OF THE FOLLOWING RECORD NOT IN THE STANDARD STYLE

RECORD NO. = 3
JOURNAL NAME = U.S. Pat.

VERIFY COMPLETE !

Yress any key to continue...
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hdkkkkknkiik MAINTENANCE MENU *##dssshsnsss
1> DUPLICATE CHECK
2> VERIFY
3> RETURN TO MAIN MENU

INPUT THE SELECTION : 2

e Je Yo Je Je o I e g Kk VERIFY MENU % v 3 o d de Kk ¥k % Kk ok ok Kk

1> CONTINUE VERIFY

2> DISCRETE VERIFY

3> RETURN TO MAINTENANCE MENU
INPUT  THE  SELECTION: 1

INPUT THE RECORD NUMBER: 1

JOURNAL NAME OF THE FOLLOWING RECORD NOT IN THE STANDARD STYLE

RECORD NO. = 3
JOURNAL NAME = U.S. Pat.

VERIFY COMPLETE !

Press any key to continue...
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Printout Procedure
The hard copies from the printer can be obtained by two methods.

1> hit Ctr1 P

The printout can be obtained from the latter data appeared on the screen.
Hit Ctrl P to cancel the hard copies.

2 > hit Shift PrtSc
The printout will be the same as the data on the screen.
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T8 WA
VVVVYV

Stop Procedure

.QUIT —, return to the DOS A > prompt.

Insert the DATABASE FILE BACKUP disk into drive A.

A > COPY C:* DBF A: -

Take the disk from drive A, and keep the disk inside the disk bank.
Turn off power.
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clear

set Talk off
store ’ ’ to nul
store T’ to MORE

store ’ ' to LI

CLEAR

@3 , 9 Say % Je Je J¢ Je e dr Je Jr de e g e 3 v Je b o e I o o de d o o o g e o e e e ok e e e de e o e e e e e e ek ek ek e ke ko ke ke kokdk ?
4,9 say ’'* THIS IS A SEARCHING AND MAINTENANCE PROGRAM FOR THE *?
05,9 SAY * LITERATURE SURVEY, FINISHED UNDER THE AIR FORCE PROJECT. *?
6,9 SAY ’* Contract No. F33615-85-C-25867 *?
@7,9 say ’'* *?
@8,9 SAY '* AUTHOR, JOURNAL NAME, YEAR, AND INDEX CAN BE USED AS *?
@9,9 SAY ’* THE SEARCHING PARAMETERS; THE COMBINED SEARCHING ALSO *?
@10,9 SAY ’* CAN BE SELECTED. *?
@11,9 SAY ’* *?
@12,9 SAY ’* +HE PROGRAM IS USED UNDER THE DBASE III SOFTWARE. *?
@13,9 SAY * *?
@14,9 SAY * THE PROGRAM IS WRITTEN BY KIEN-RU CHEN *?
@15,9 SAY ’* NOVEMBER, 1985 *?
@16,9 SAY ’* FUELS ENGINEERING DEPT. *?
@17,9 SAY % UNIVERSITY OF UTAH *?
’_f) l 8 s g SAY iR 2232223323222 2332333333222 2222322222222 22322 2222322222332 222 212 30
223,5 SAY ’Press any key to continue’ get nul

CLEAR

@ 9,3 SAY INPUT THE FILE NAME INCLUDING THE EXTENSION(.DBF)’ GET LI

READ

Do while MORE = ’T°

clear

@4 , 16 SAY iR 2222222222 2222222222 222232 ] MAIN MENU E2 2322232323222 22222222222 2 B
@5,16 SAY '* *?
@6,16 SAY ’* 1> AUTHOR 4> INDEX *?
@7,16 SAY '+ 2> JOURNAL 5> MULTIPLE *?
@8,16 SAY °'* 3> YEAR 6> MAINTENANCE *?
@9,16 SAY '* *?
@10,16 SAY '* type Q to quit *?
@I 1 , 16 SAY A A 23222222232 2222222 2222222222222 2222222222222 22T TLL L2 e

store ' ' to CHOICE

@13,18 SAY 'INPUT THE SELECTION: ' GET CHOICE
READ
store ’ * TO AUTHOR
store ! ' to JOUR
store ’ ' to IX
SET DELETE ON
Do case
case CHOICE = ']’
DO AR
case CHOICE = '2°
DO JR
case CHOICE = 3’
00 YR
CASE CHOICE = ¢
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00 IN
CASE CHOICE = ’5°
DO ML
CASE CHOICE = ’6’
DO MN
case UPPER(CHOICE) = ’Q’
MORE = 'F’
ENDCASE CHOICE
USE $LI
SET DELETE OFF
RECALL ALL
ENDDO SEARCH
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*THIS IS A SUB PROGRAM FOR AUTHOR SEARCHING
@15,18 SAY 'INPUT THE AUTHOR NAME: ' GET AUTHOR
READ
USE SLI
GOTO TOP
DO WHILE .NOT. EOF()
IF ((AUTHOR = AUTHOR1) .OR. (AUTHOR = AUTHOR2)) . OR. AUTHOR = AUTHOR3
SKIP
ELSE
IF ((AUTHOR=AUTHOR4) .OR. (AUTHOR = AUTHORS)) . OR. AUTHOR = AUTHOR6
SKIP
ELSE
DELETE
SKIP
ENDIF
ENDIF
ENDDO

’ SEARCHING PARAMETER: ', AUTHOR

RS IRRS BEES B

LOPY TO TP.DBF
St TP

DISPLAY ALL
CLOSE DATABASE
ERASE TP.DBF

5

:

?

? 'AUTHOR SEARCHING COMPLETE !°
?

WAIT

RETURN

>
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*THIS IS A SUB PROGRAM FOR YEAR SEARCHING
315??5 Say Yhkkkhkhkkhkhkkkhhkkkkkkikd YEAR SEARCHING MENU e e s Je de Je e v g Je e e e A de e ek ke ke ?
@7,10 SAY ° 1> EQUAL THE INPUT YEAR’
@8,10 SAY ? 2> BEFORE THE INPUT YEAR (INCLUDING THE YEAR)’
@9,10 SAY ° 3> AFTER THE INPUT YEAR (INCLUDING THE YEAR)’
STORE ’ * TO YRSELECT
@ 12,12 SAY ’INPUT THE SELECTION: > GET YRSELECT
Store ’ ' to YRINPUT
@ 14,12 SAY ’INPUT THE  YEAR: ' GET YRINPUT
READ
USE $LI
GOTO TOP
do case
case YRSELECT = '}’
DO WHILE .NOT. EOF()
IF YRINPUT = YEAR
SKIP
ELSE
DELETE
SKIP
ENDIF
ENDOO
CASE YRSELECT = 2’
DO WHILE .NOT. EOF()
IF YEAR >= YRINPUT
SKIP
ELSE
DELETE
SKIP
ENDIF
ENDDO
ENDCASE YRSELECT
?

2 TYPE SELECTION (1=, 2 <=, 3 >=): ", YRSELECT
?’ YEAR SEARCHING PARAMETER: ', YRINPUT

?

?

copy to tp.dbf

use tp

DISPLAY ALL

CLOSE DATABASE

erase tp.dbf

?

?

?

? "YEAR SEARCHING COMPLETE !’
?

WAIT

RETURN
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*THIS IS A SUB PROGRAM FOR JOURNAL SEARCHING

@ 15,10 =~
READ
USF  _u
GGO TOP
DO WHILE .NOT. EOF()
IF JOUR = JOURNAL
SKIP
ELSE
DELETE
SKIP
ENDIF
ENDDO
?

2’ SEARCHING PARAMETER:

?

?

copy to tp.dbf
use tp

DISPLAY ALL
CLOSE DATABASE
erase tp.dbf

2

?
?

*INPUT THE JOURNAL NAME:

> GET JOUR

’, JOUR

? "JOURNAL NAME SEARCHING COMPLETE !’

?
WAIT
RETURN

>
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*THIS IS A SUB PROGRAM FOR INDEX SEARCHING
@ 15,10 SAY ’INPUT THE INDEX NAME: ' GET IX

DO WHILE .NOT. EOF()
IF IX = INDEX1 .OR. IX = INDEX2 .OR. IX = INDEX3
SKIP
ELSE
DELETE
SKIP
ENDIF
ENDDO
a

i’ SEARCHING PARAMETER: ’, IX
?

?

copy to tp.dbf

use tp

DISPLAY ALL

CLOSE DATABASE

arase tp.dbf

bl

>

?

? *INDEX SEARCHING COMPLETE !’
?

WAIT

RETURN

C>
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* THIS IS A MULTIPLE SEARCHING PROGRAM
STORE T’ TO KEYING
STORE * * TO CBSEL
D0 WHILE KEYING = 'T’
CLEAR
©4,18 SAY kdkkkdddkkkk MULTIPLE SEARCHING MENU ***xkikikdddk:
@6,18 SAY * 1> AUTHOR 4> INDEX®
@7,18 SAY ' 2> JOURNAL 5> RETURN TO MAIN MENU’
@8,18 SAY ’ 3> YEAR’
@10,20 SAY ° INPUT THE SELECTION * GET CBSEL
READ
00 CASE
CASE CBSEL
DO AR
CASE CBSEL
D0 JR
CASE CBSEL
DO YR
CASE CBSEL
DO IN
CASE CBSEL
KEYING = 'F’
tNDCASE
ENDDO
RETURN

’1’
’2)

’3’

’4)

’5’

C>




*THIS IS A MAINTENANCE PROGRAM
*set up loop
SET TALK OFF
STORE ’T’ To Morel
STORE * * TO Selectm
DO WHILE Morel = ’'T’
*set up screen
clear
@ 5’17 SAY 2 Je J de e de e ke ke ke ke k ok k MAINTENANCE MENU e e & Je e e e % e de e v I de e ?
@ 7,20 SAY ’ 1> DUPLICATE CHECK’®
@ 8,20 SAY > 2> VERIFY’
@ 9,20 SAY > 3> RETURN TO MAIN MENY’

@ 11,18 SAY ° INPUT NUMBER TO SELECTION :’ GET Selectm
READ '
*perform desired function

do case

case Selectm = '1’
*check for duplicate
do du
case selectm = ’2’
*verify new records
do vr
case selectm = 3’
*setup the loop to exit
store 'F’ to Morel
endcase
enddo
RETURN

C>
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* THIS IS A DUPLICATE CHECKING PROGRAM

store °’ ’ to CVOL
store ’ * to CJOUR
store ’ ' to CYEAR

store 1 to CC

USE $1i

GOTO BOTTOM
STORE RECNO() TO ALPHA
GOTO CC
DO WHILE .NOT. EOF()
cvoL = VoL
CJOUR = JOURNAL
CYEAR = YEAR
SKiP
DO WHILE .NOT. EOF()
IF ((CVOL = VOL) .AND. (CYEAR = YEAR)) .AND. (CJOUR = JOURNAL)
?

"THE FOLLOWING TWO RECORDS ARE DUPLICATED’

?
?
? "RECORD NO. = ’, RECNO()
? 'RECORD NO. = ’, CC_

?

DISPLAY
SKIP
ELSE
SKIP
ENDIF
ENDDO
IF CC < ALPHA
CC=CC+1
GOTO CC
ELSE
ENDIF
ENDDO

NN N )

’ DUPLICATE CHECKING COMPLETE !’
B

WAIT
RETURN

C>
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*THIS IS A VERIFY PROGRAM
géf?g SAY IR 1332232222224 83 ¢ 22 2] VERIFY MENU [T 2231232323232 3 4322322322 2
8,18 SAY ’ 1> CONTINUE VERIFY’
@9,18 SAY * 2> DISCRETE VERIFY
@10,18 SAY * 3> RETURN TO MAINTENANCE MENU’
STORE * * TO VERCHOI
@ 12,18 SAY *INPUT  THE  SELECTION: * GET VERCHOI
STORE * * TO PN
@ 14,18 SAY ’INPUT THE RECORD NUMBER: ' GET PN
READ
STORE 1 TO PT
PT = VAL(PN)
STORE ° * 70 JOURN
STORE 0 TO ALPHA
DO CASE
CASE VERCHOI = '1°
USE $LI
GOTO BOTTOM
STORE RECNO() TO ALPHA
GOTO PT
DO WHILE .NOT. EOF()
JOURN = JOURNAL
STORE 0 TO CC
SELECT 2
USE STDJOUR
GOTO TOP
DO WHILE .NOT. EOF()
IF (VJOUR = JOURN)
CC = CC+l
SKIP
ELSE
SKIP
ENDIF
ENDDO
IF CC =0
?

7 *JOURNAL NAME OF THE FOLLOWING RECORD NOT IN THE STANDARD STYLE’
>

2 "RECORD NO. = *, PT
2 *JOURNAL NAME = ', JOURN
ENDIF
IF PT < ALPHA
PT = PT + 1
SELECT 1
GOTO PT
ELSE
SELECT 1
SKIP
ENDIF
ENDDO

463




CASE VERCHOI = *2°
SELECT 1
USE S$LI
GOTO PT
JOURN = JOURNAL
STORE 0 TO CC
SELECT 2
USE STDJOUR
GOTO TOP
DO WHILE .NOT. EOF()
IF (VJOUR = JOURN)
CC = CC+]
SKIP
ELSE
SKIP
ENDIF
ENDDO
IF CC =0
’
"DISCRETE VERIFY’
*JOURNAL NAME OF THE FOLLOWING RECORD NOT IN THE STANDARD STYLE’

"RECORD NO. = *, PT
? "JOURNAL NAME = ’, JOURN
ENDIF
SELECT 1

ENDCASE

QW N N e

IS IEES BERS IR

*VERIFY COMPLETE !
?

WAIT

RETURN

C>
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